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Abstract
An experimental technique has been developed for the study of the 
crystallisation of calcium carbonate at heat exchange surfaces from 
synthetic hard waters. Experiments were made with and without addition of 
three organic polyelectrolytes (Polymaleic acid, Polyacrylic acid and Amino- 
phosphonic acid), used as industrial scaling inhibitors. The technique 
allows careful control of the surface temperature, flow rate and water 
chemistry. The experimental conditions for scale nucléation in the absence 
of inhibitors we,re in good agreement with equilibrium conditions for calcium 
carbonate saturation calculated from thermodynamic data. With inhibitors 
present the extent of supersaturation required to initiate scaling increased 
with inhibitor concentration. The presence of certain ions (notably Cl", 
Mg’*"*" and SO^ ) decreased the ability of the inhibitors to suppress 
nucléation. A quantitative model is proposed to account for the influence 
of inhibitor concentration upon the heterogeneous nucléation of calcium 
carbonate crystals. For the limited range of conditions studied agreement 
between the experimental results and the predictions of the model can be 
obtained by introducing an empirical parameter termed the "Inhibition 
Potential", but further work is required to assess the generality of the 
model.
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a,b,c Constants In eq 3.1
a^+ Ionic activity of species i"*"
b Slope of solubility curve
c* Normal solubility
ĉ  Concentration of species i
Cp Specific heat at constant pressure
Cp Solubility of an agglomerate of radius r
d Tube diameter
Diffusion coefficient of species i 
F Rotameter Reading
AG Overall Excess Free Energy
AGg Surface free energy
AGy Volume free energy
AG^ Volumetric free energy of transformation
h Heat transfer coefficient
hj Film coefficient of clean tube
AH Enthalpy of reaction
I Ionic strength of solution
Ig Inhibitor efficiency
k Reaction rate coefficient
K Equilibrium constant
kj) Mass transfer coefficient
k£ Thermal conductivity of fluid
Kj. Value of equilibrium constant at T^
Kgp Activity solubility product
k^ Scale thermal conductivity
Ki~Ki2 Equilibrium constants for equations in Table A4.1.2 
I Characteristic length of flow section
m Bulk mass flow rate
M Molecular weight
m Crystal mass growth rate
n Constant in eq 1.4
N Number of ion pairs in an agglomeration
Nĝ  Number of inhibitor molecules required to prevent
the growth of a just sub-critical agglomeration 
N^ Avogadro's number
Ng Number of surface sites in a critical agglomerate
Nu Nusselt number
P Inhibition potential of an additive molecule
PçQ Partial pressure of Carbon Dioxide
Pr  ̂ Prandtl Number
q Heat flux
r Radius of an agglomerate
R Gas constant
R Thermal Resistance (eq 1.1)
Re Reynolds number
- (i2c) -
Thermal fouling resistance 
Rq Factor used in van't Hoff calculation
rg Radius of a solution volume element
Rg Relative saturation
Sp Supersaturation ratio
t Time for form an agglomerate
T Temperature
u Fluid velocity
U, Uq Heat Transfer Coefficient of fouled, clean tube
V Volume of Critical agglomerate
V Volume of an ion pair in the crystal structure
V(0) Crystal growth rate at time 9
Vg Solution volume
w Scale mass growth rate
X£ Thickness of Deposit of time 6
Z4 Charge on species i
a Constant in eq 1.1
0 Constant in eq.1.2
T Constant in eq 1.2








Fouling is the term used to describe the accumulation of material in 
undesirable sites. It manifests itself in the restriction and 
blockage of flow channels and in a decrease in heat transfer 
efficiency. The problems associated with fouling extend over a wide 
range of industrial operations and process streams, but the work 
described in this thesis is confined to calcium carbonate scaling of 
heat exchange plant by hard cooling waters.
In the UK calcium carbonate is the main scaling species encountered 
in heat exchangers which range from the domestic kettle to power 
generation cooling circuits. In industry calcium carbonate scaling 
is increasingly being combatted by the use of inhibitor chemicals 
such as phosphates, phosphonates and polycarboxylic acids. The 
detailed mechanisms of action of such inhibitors are unknown.
This thesis describes an investigation into the conditions under 
which calcium carbonate is nucleated on heat transfer surfaces and in 
bulk cooling water^ in particular how variations in water chemistry 
and scale inhibition chemicals affect these scale nucléation 
conditions and how the presence of foreign ions and inhibitors 
affects subsequent crystal growth. An aim of the present work was to 
develop an experimental technique in which the scaling of a heat 
transfer surface could be accomplished in a controlled and 
reproducible manner. The results obtained, in terms of the 
concentration of a given additive necessary to prevent scale
- 1 -
nucléation for defined conditions, would allow the optimisation of 
inhibitor usage and thus be of benefit to industry as a whole. In 
addition the experimental technique and its results will provide the 
water treatment chemical manufacturers with means to develop new and 
improved chemicals, this again will benefit the user industry.
The thesis is arranged in six chapters. The first briefly describes 
general aspects of fouling e.g. the costs attributable to fouling, 
some examples of industrial fouling problems, the accepted 
classification of fouling and some general fouling models. The
remainder of the thesis deals almost exclusively with calcium
carbonate crystallisation and scaling. A theoretical assessment of 
the principles relevant to hard water scaling, heat and mass 
transfer, the conditions found in the bulk flow and at the heat 
exchange surface, and how these relate to crystal nucléation and 
growth, is given in chapter 2. In chapter 3 two areas of work are 
reviewed, scaling studies and calcium carbonate nucléation and growth 
studies. Chapter 4 presents the development of computational and 
experimental techniques and the experimental programme of the present 
work and the results are reported in chapter 5. The results are
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1.1 The Cost of Fooling
The driving force for work in the fouling area is the potential 
economic benefits to industry. The cost of fouling is difficult to 
assess accurately. At the inception of the fouling project
sponsored by the Department of Industry, Thackery^ arrived at the sum 
of E300-50QM (1979 equivalent) per annum as the cost directly
attributable to fouling in the UK. This assessment only considered 
heat exchanger plant. The total cost was broken down into four
approximately equal cost areas,
1) Increased capital expenditure arising from the oversizing of
plant to allow continued use when fouling occurs.
2) Decreased energy efficiency during plant use in the fouled
condition.
3) Maintenance costs to decrease the fouling problem by water
treatment etc, to remove deposits and to clean plant.
4) Costs associated with loss of production during such cleaning 
operations.
In plant design there is a trade-off between capital and operation 
costs to achieve some overall optimum plant performance. A better 
understanding of the problems would allow the formulation of 
guidelines for plant design and operation resulting in a reduction or 
ideally an elimination of fouling. Certainly there has to be scope 
for significant improvement within a loss of the order of £300—500M 
per annum.
- 4 —
1.2 Fooling and Its Classification
2Over ten years ago Taborek et al described fouling as the major
3unresolved problem in heat transfer, according to Epstein it has now 
been, for the most part, resolved but remains largely unsolved. 
Fouling is not confined only to heat transfer surfaces but is 
ubiquitous in industrial operations involving heat and/or mass 
transfer. In the power generation industry for example fouling 
occurs at both ends of the process stream. The burning of low grade 
coals in the steam raising boilers results in severe slagging and 
sooting on the fire side. Final cooling in the condensers is often 
accomplished by using a natural water in open evaporative 
recirculating systems in which fouling by mineral scales, biological 
growths and organic and inorganic debris occurs. The process stream 
itself is usually water of sufficiently controlled quality to 
minimise fouling on the process side. In most industries however the 
process side is also found to foul. In oil refinery distillation 
plant the crude oil preheaters suffer from heavy fouling by waxy 
deposits, and in desalination plant, flash evaporators and reverse 
osmosis membranes rapidly become encrusted with a variety of mineral 
scales.
The presence of a temperature gradient at the heat or mass transfer 
surface, though not essential for fouling processes to occur, can 
have important effects upon the mechanisms that control the rate and 
extent of fouling.
To a certain extent it is the widespread nature of fouling which has
- 5 -
contributed to the delay in resolving the problem and to the
continued failure in solving many of the problems. A fouling
classification had evolved which reflected the industry, process
stream, plant design and operator experience thus leading to dilution
of effort and expertise. In recent years the classification system
has, happily, been rationalised and a generally accepted scheme is
3 4that put forward by Epstein * in which the fouling categories are 
descriptive of the dominant fouling mechanism.
In this scheme there are five categories of fouling:
1) Crystallisation fouling - the precipitation of dissolved 
substances by the attainment of 
supersaturation conditions at the 
heat transfer surface (scaling).
the solidification of part or all 
of the fluid stream on subcooled 
surfaces (freezing fouling).
2) Particulate fouling - the accumulation of suspended 
solids on a heat transfer surface.
3) Chemical reaction fouling - reactions occurring at the surface, 
though not including the surface 
(except perhaps as catalyst), 
resulting in the deposition of 
material at the point of reaction.
—  6 —
4) Corrosion fouling - reactions involving the generation 
of corrosion products which are 
retained.
5) Biological fouling - the attachment of living or dead 
organisms and their associated 
waste products.
In process streams one of the above mechanisms may dominate the
foulant buildup. However it is unlikely that the dominant mechanism
is an exclusive one, indeed it may not be the fouling rate
controlling mechanism. It is accepted that categories 1 to 5 have
4strong interactions and synergistic effects .
The general acceptance of this classification has allowed more
universal comprehensibility of fouling systems, thus concentrating
workers* attention on significantly fewer areas of research. It is
3 5becoming apparent ’ that this, together with reinterpretation of 
past work, is leading to progress in the understanding of fouling 
mechanisms, if not yet to solutions of the problems.
This thesis considers the scaling fouling category, in particular 
calcium carbonate scaling. It is however appropriate here to outline 
some of the general thoughts on fouling mechanisms.
— 7 —
1.3 General Fouling Models
The first mathematical fouling model was published by McCabe and 
Robinson^ in 1924. They used data from a number of experimental and 
commercially operated evaporators and introduced the * thermal 
resistance concept' to fouling. Their conclusion was that the square 
of the overall thermal resistance (R) was directly proportional to 
time, given constant evaporator running conditions and no spalling of 
scale from the heater surface.
r2 » a0 + c (eq 1.1)
This is more commonly expressed in the form
—  “  —  +  Œ0
U2 U 2 o
where R is the thermal resistance, a is the constant of proportion­
ality, 0 is the time, U is the heat transfer coefficient of the
fouled surface and U is the heat transfer coefficient of the cleano
surface. It must be noted that the data used in this model were 
taken during the first few hours after evaporator start up. Whether 
the model was applicable over extended periods was not considered. 
Despite this no new fouling model appeared for the next thirty five 
years.
Kern and Seaton^ observed that industrial heat exchangers fouled in 
an asymptotic manner, leading them to propose the idea of 
simultaneous deposition and removal mechanisms. The net fouling rate 
is thus given by the difference between deposition and removal rates.
— 8 —
Kern and Seaton and many others have assumed that the deposition rate 
remains constant with time, but that the removal rate increases with 
the quantity of deposit and hence time. The fouling resistance thus 
increases asymptotically towards the point where deposition and 
removal rates are equal.
A general representation of the model is given by
where is the thickness of deposit at time 0 , c^ is the 
concentration of foulant in solution, m is the bulk mass flow rate, t 
is the shear force acting at the interface and p and y are
constants.
Over the past twenty years a number of conceptual and mathematical
models have been proposed for the deposition and removal processes,
in the main these have related to fouling by particulate deposition
and scaling. Not surprisingly the deposition models relate the
deposition rate to the driving force for fouling, the driving force
being expressed as either the temperature difference between the bulk 
6 8and the surface * or to the concentration gradient of the foulant
7 9 10 9species across the surface boundary layer * ’ • Reitzer published
a mathematical analysis of the factors influencing the rate of scale 
deposition, the objective being to provide data to assist in heat
exchanger design. He combined standard crystal growth models with
heat and mass transfer models. The conditions modelled were both
- 9 -
saturated and undersaturated bulk solutions, with the heat transfer 
surface operating at either constant temperature or constant heat 
flux* For scaling to occur the solution in contact with the heat 
transfer surface had to be supersaturated with respect to the scaling 
salt. For constant temperature conditions an equation similar to 
that of McCabe and Robinson^ was proposed
O
ie the value of a is replaced by mass transfer, heat transfer and 
scale property values, b is the slope of the solubility cuzrve, k is 
a reaction rate coefficient, AT is the temperature drop across the 
heat exchanger wall, p^ is the scale density, k^ its thermal 
conductivity and h^ the film coefficient of the clean tubes.
For the case of constant heat flux the equation has the following 
form
1 1
ü ' T T ' ^ ' T ^ ®  (eq 1.4)o pk^h^
where q is the heat flux and n is a constant.
The above equations assume that the bulk flow is at the equilibrium 
saturation condition, the supersaturation is caused by the change in 
solubility due to the change in temperature. When the bulk is 
undersaturated the heated surface is less supersaturated than in the 
above case. A factor incorporating this decrease is combined in the
— 10 —
time dependent term. The factor chosen was the difference between 
the actual concentration found in the bulk solution and the 
theoretical saturation concentration for the conditions in the bulk.
Whether the fouling species, upon reaching the surface, actually 
becomes incorporated in the scale can be described by a 'sticking 
probability' factor and this is incorporated in a number of 
models^®
Early models of re-entrainment or removal considered that particles 
at the surface were subject to fluid shear forces which are 
sufficient to remove deposits from regions bounded by 'planes of 
weakness'. The probability of finding such planes of weakness 
increases with increasing deposit thickness and hence the rate of 
removal of deposit increases with deposit thickness. An example of 
such a model is that due to Kern and Seaton^, What was not 
considered was that the fluid shear (removal) forces were acting on 
the depositing particle prior to, and during, deposition. How then 
could the particle deposition occur? Kern in a later paper^^ 
described the decrease in fouling rate as a retardation in deposition 
rate rather than as a removal.
That removal does occur has been shown by Heat Transfer Research
Incorporated (HTRI) in a film of calcium sulphate scaling and by 
12Miller et al using radioactive tracer techniques for magnetite 
particulate deposition and removal.
13-15Cleaver and Yates have argued that fluid shear forces alone are
— 11 —
Insufficient to dislodge particles from a surface. Until recently it
was generally considered that under even highly turbulent flow
conditions there was a thin surface film or sub-layer in which a
laminar flow regime was found. There is now considerable evidence,
for example from flow visualisation s t u d i e s ^ t h a t  this laminar
sub-layer is in fact far from laminar and that a significant number
of turbulent eddies from the bulk solution have sufficient momentum
to burst through the sub-layer and reach the surface. Such an event
is described as a 'turbulent burst*. The shear generated by a
turbulent burst at the wall would be significantly greater than that
associated with a laminar sub-layer model and so increases the
likelihood of removal. Each burst is of short duration and affects
only a small fraction of the surface area, each burst can therefore
remove only a small fraction of the total deposit. The model
13-15proposed by Cleaver and Yates is that the bursts occur at a
given frequency at any site and over a period of time sufficient 
bursts will have occurred to provide deposit removal from all parts 
of the surface.
It may well be that neither transient nor continual fluid shear
forces are sufficient to remove coherent, well adhered scales.
Loo^^ described removal of preformed calcium sulphate ahd calcium 
carbonate scales. Removal occurred by spallation. The stresses 
necessary for spallation resulted from the differences in thermal 
expansion coefficients of the metal wall and the scale.
It may of course be unnecessary to have removal to explain either
— 12 —
falling rate or asymptotic fouling rate behaviour. During fouling
the nature of the surface, both physically and chemically, changes.
These changes will result in different heat and mass transfer and
fluid flow behaviour at the surface, and hence to a change in the
18fouling rate. An elegant experiment by Bowen demonstrated such 
asymptotic behaviour using silica particulates. The difference in 
surface charge between the metal wall and the particulates initially 
led to deposition and adhesion of particulate material, but as the 
surface became covered the electrostatic driving force decreased and 
the net deposition rate also decreased.
This introduction has attempted to show that the problem of fouling 
is one of great complexity, one that encompasses many areas of 
science and technology and it is this which has contributed to the 
failure in understanding the processes involved in fouling. The work 
described in this thesis is concerned only with the fouling of 
surfaces by calcium carbonate scales. It is hoped that the 
techniques developed and the findings will help in the understanding 
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The purpose of this chapter is to introduce the principles relevant 
to the study of calcium carbonate scale nucléation and growth. It is 
intended that this will provide an overview of the concepts, a 
theoretical framework for the present study and, in addition, the 
basis for the discussions arising from the findings of the present 
work. The experimental programme has been addressed particularly 
towards the investigation of CaCOg scale nucléation on a heat 
transfer surface and the thesis reflects this bias.
The creation of a heat transfer resistance in the heat exchanger, due 
to calcium carbonate, requires, of necessity, the formation and/or 
deposition of solid phase material at the heat transfer surface. The 
questions to address therefore are:
1) What parameters affect the solubility of calcium carbonate?
2) What parameters control the nucléation and growth of calcium
carbonate?
3) What are the conditions prevalent in heat exchange plant and how
do they relate to the solubility, nucléation and growth of 
calcium carbonate?
2.2 Calcium Carbonate Solubility
The equilibrium solubility of an ionic salt is governed by its 
solubility product expression. This is given by the product of the 
thermodynamic ion activities at saturation:
- 15 -
hp ■ (=Ca++)(=CO,-) (eq 2.1)
= [Ca++][C0 3— ]y2 ^ (eq 2.2)
Where the square brackets denote ion concentrations (mol 1” )̂ and y 2 
is the divalent ion activity coefficient.
Throughout the thesis the term used to describe the condition of 
water with respect to CaCOg is the supersaturation ratio
s, - [Ca++][C03— jTzZ/Kgp (eq 2.3)
The value of , and hence whether the solubility product has been
exceeded for a water will therefore depend upon the concentrations,
or activities of the relevant ionic species. The species involved,
Ca"*̂  and CO3 , are part of a greater solution equilibrium which can
eg 19be represented by fig 2.1
For any given calcium ion concentration (ie water hardness) the
supersaturation ratio will be controlled by the carbonate ion
concentration. This in turn is controlled by both the total
alkalinity of the solution and the position on the alkalinity
equilibrium. The alkalinity, like calcium ion concentration, is a 
parameter defined for a given water. The position on the alkalinity 
equilibrium is however controlled by variables at the control of the 
plant operator. Figure 2.1 shows that pH is one of these variables, 
an increase in pH shifts the equilibrium downwards, thereby producing 
a higher [cOg— ] and hence higher supersaturation ratio. In addition 
as the solution temperature increases the bicarbonate (HCOg )
— 16 —
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decomposes to carbonate (CO3* )
HCO3" -► H+ + CO3—  (eq 2.4)
again giving an increase in [cOg ] and so increasing S^. Fig. 2.2 
graphically presents the concentration variations of the species 
given in fig. 2.1 as the pH and temperature changes. Also shown is 
the variation in for a simple water.
In view of the control of the solubility of calcium carbonate by 
operational parameters such as temperature, consider what happens in 
heat exchange plant.
2.3 Conditions in heat exchange plant
In a typical open evaporative cooling water circuit the make-up water 
is added to the cooling tower sump, whence it is pumped through the 
heat exchanger and back to the cooling tower as shown in fig 2.3. 
During this cycle three processes occur which may lead to scale 
formation:
(1) a relatively brief encounter with the hot surface of the heat 
exchanger tube in the laminar boundary layer,
(2) a longer exposure at an intermediate temperature after the rapid 
passage through the heat exchanger, and
- 19 -
Fig 2 .3
Schematic representation of an open evaporative recirculating 
heat exchanger with cooling tower.
ïfî T(C)
Pun^ Outlet Conditions 8.0 20
Heat Exshanger Surface Conditions 8.0 50
Heated Water Bulk Conditions 8.0 30
Cooling Tower Inlet Conditions 8.2 30
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(3) a combination of increased concentration of dissolved salts due 
to evaporation, cooling and change in pH due to equilibration with 
the carbon dioxide in the atmosphere during passage through the 
cooling tower.
Consider briefly the conditions associated with the three locations 
and then consider the supersaturation ratios associated with them for 
a number of typical cooling tower waters.
2.3.1 Conditions at the heated surface
The heat transfer between the wall of a heat exchanger and the bulk 
liquid can be described by the equation
q = h (Tg - T^) (eq 2.5)
where q is the heat flux across the interface, and are the 
surface and bulk temperatures respectively, and h is the heat 
transfer coefficient. For forced convection in tubes with turbulent 
flow h can, for example, be expressed as
= Nu = 0.023 Re^’^Pr^*^ (eq 2.6)
*f
where d is the diameter of the tube, k is the thermal conductivity of 
the fluid, and Nu, Re and Pr are the dimensionless Nusselt, Reynolds 
and Prandtl numbers respectively (Re = dup^/p where u is the fluid 
velocity, its density and p its viscosity; Pr = Cp p/k^ where Cp 
is the specific heat at constant pressure). For water
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h = 1063 (1 + 0.00293T) (eq 2.7)
2 Q
using S.I. units ; for u = 1 ms” ^, d = 25.4 mm and T » 303K,
h « 4180 W . The local heat flux q which determines (T^ - T^)
depends in practice upon the detailed design of the heat exchanger
and the nature and temperature of the fluid and its flow velocity on
the other side of the heat transfer surface. Values of 5,000 to
20,000 BTU ft"2h"l (16-64 kW m“^) were suggested by Oberhofer and 
21Fulks to simulate an actual heat exchanger. This range of heat 
fluxes represents a AT
AT = (T - T )  (eq 2.8)S D
of 5 to 20 K for a flow velocity of 1 ms”^.
2.3.2 Conditions in the heated bulk solution
After its passage through the heat exchanger, the bulk solution will
be at a higher temperature and will have a greater supersaturation
ratio than before its passage. The supersaturation ratio will be
less than that experienced at the heated surface but it will be
maintained for longer. This time factor is an important one when
considering nucléation and growth, as will be discussed in sections
2.4 and 2.5. The bulk temperature of the cooling stream may be
22raised, typically, by ca 5 K .
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2.3.3 Conditions In the cooling tower
Passage of the cooling water through the heat exchanger leads to an
increase in the partial pressure of carbon dioxide due to both the
decrease in solubility with increased temperature, and the
decomposition of calcium bicarbonate. At the top of the cooling
tower the solution becomes open to the atmosphere and the increased
partial pressure of CO2 can be released during the passage of
solution through the tower. This will result in an increase in pH
and will thereby contribute to an increase in supersaturation ratio.
Subsequent cooling will lead to some decrease in supersaturation
ratio as a result of COg —* HCO^ . In addition there will be a
small increase in species concentration through evaporation; a
temperature drop from 32 ®C to 12 ®C achieved entirely through
evaporative heat transfer with no convective component corresponds to
22an increase in concentration of less than 4%
2.3.4 Scaling mechanisms
The two extreme scaling mechanisms are depicted in fig 2.4. These 
are;
1) Bulk precipitation with subsequent particulate deposition at the
surface
2) Crystal nucléation and growth at the heat exchange surface
Which of the mechanisms that occurs or is the more dominant may well 
depend upon where the greatest driving force for scaling occurs. The
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Fie 2.4
Diagramatic Representation of the two extreme scaling mechanisms
Bulk crystallisation followed 
by particle deposition
Crystallisation on heated 
surface
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bulk precipitation mechanism can occur at any point in the circuit if 
sufficiently supersaturated conditions occur, the only point where 
the surface exhibits a greater supersaturation ratio than the bulk 
solution is at the heat transfer surface and it can only be here that 
the surface crystallisation mechanism becomes important.
2.3.5 Calculations of the supersaturation ratios of typical 
cooling waters
22Using water chemistry and pH data quoted by Kunz et al , for four 
representative cooling water compositions, calculations were made 
using the computer code developed in the present work (section 4.2). 
The supersaturation ratios associated with the conditions described 
in 2.3.1 to 2.3.3 are given in table 2.1.
Water A has a high alkalinity but low hardness, B is a much harder 
water, C represents a lime-softened, alum-coagulated water and D is 
undersaturated with COg# typical of some well waters. Values of the 
equilibrium supersaturation were calculated at concentration factors 
of 1, 2.5 and 5.0, representing the range of concentration factors 
used in plant, and at 50*C (representing the hot wall of the 
exchanger), 30*C (representing the bulk temperature of the water from 
the heat exchanger to the cooling tower) and at 30®C with an increase 
of 0.2 in the pH value and a 2% concentration of species 
(representing the worst conditions likely to be experienced in the 
cooling tower). The predictions of the code are that for all the 
cooling tower waters the supersaturation ratio at the heated surface
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Table 2 .1
Calculated supersaturation ratios S^(= ^ ^ ^ C O  __) ̂ ^sp^ for four
cooling tower make-up waters (A-D) at different temperatures, pH and 
concentration factors (data from ref. 22), The calculations were 
made using the water code developed in this work (Section 4.2)
A B C D
(High Alkalinity (High (Lime (Well
Low Hardness) Hardness) Softened) Water)
Concentration factor = 1.0
Tube surface! 0.48 0.22 7.0 0.007
Tube bulk^ 0.28 0.13 4.5 0.001
Cooling Tower^ 0.44 0.20 6.4 0.006
pH^ 8.0 7.6 10.0 7.2
Concentration factor = 2.5
Tube surface! 7.0 3.3 0.3 0.02
Tube bulk? 4.5 2.0 0.2 0.01
Cooling Tower^ 6.5 3.1 0.3 0.02
pH^ 8.9 8.4 7.7 7.2
Concentration factor * 5.0
Tube surface! 30 15.2 2.0 0.14
Tube bulk? 21 9.4 1.1 0.09
Cooling Tower^ 28 14.5 1.8 0.14
pd+ 9.3 8.8 8.1 7.6
Notes conditions at tube surface taken as 50®C.
conditions in bulk flow taken as 30®C.
conditions at top of cooling tower taken as 30®C with loss
of CO^ to give increase of 0.2 in pH and 2% increase in
species concentration
pH values from reference 22 for bulk flow in tubes.
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Is greater than Is found at any point in the bulk, and thus the 
surface crystallisation mechanism would appear from thermodynamic 
considerations to be likely to occur to a greater extent than the 
bulk crystallisation, particulate deposition mechanism.
2.4 Crystal Nucléation
The formation of a solid phase from solution requires three basic 
steps :
1) the achievement of supersaturation conditions,
2) the formation of crystal nuclei and
3) the subsequent growth of those nuclei.
A solution is said to be saturated with respect to a given phase when 
it is in equilibrium with the solid of that phase. Under such 
conditions the growth rate and dissolution rate at the surface of a 
large crystal are equal. If no crystals are present none will form 
at saturation conditions.
A supersaturated condition on the other hand represents a 
thermodynamically unstable situation; there is a driving force 
for the net formation and/or growth of crystals. The formation of 
such crystals will result in the lowering of the overall free energy 
of the system. The nucléation of the new phase can occur within a 
homogeneous phase or can be induced by either foreign particles or
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surfaces (heterogeneous nucléation) or fragments of the crystallising 
material (homogeneous secondary nucléation). The latter can be 
considered to be a specific case of heterogeneous nucléation.
2.4.1 Homogeneoas nucléation
The homogeneous nucléation of a crystal from a dilute solution
involves an ordered coagulation of species, thus forming a fixed
lattice. Such regions of short range order will come into being as a
result of local concentration fluctuations. The frequency and
lifespan of such a fluctuation will depend upon the diffusion rate of
the component species in the surrounding medium and their
concentrations. Under conditions in which bulk supersaturation
exists such a fluctuation may become thermodynamically stable and
further growth can occur. Alternatively it may not achieve such
stability and dissolution will occur. The criterion for stability is
considered to be the size of the body. The thermodynamic argument is
as follows. The overall excess free energy (AG) between a small
solid particle of solute and the solute in solution is equal to the
sum of the surface excess free energy (AG ) and the volume excesss
free energy (AG^). The ' former is the difference between the free 
energy of the surface and the bulk phase, ie the energy required to 
create new surface, the latter is the free energy difference between 
the solute in solution and that of a large particle of solute.
AG ~ AG + AG (eq 2.9)s V
= 4itr̂ G + /̂jTcr̂  AG^ (for a sphere) (eq 2.10)
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where r Is the radius of the new phase, a is its surface energy and 
AG^ is the free energy change of the transformation per unit volume.
Taking the first differential of the equation with respect to r gives
= 8nro + Aitr̂  AG^ (eq 2.11)
There are therefore two values of r at which the differential is 
zero, these are r = 0 and r = 77“ . The second differential
= 8na + 8icr AG (eq 2.12)
dr2 "
-2 ashows that the free energy of formation is a maximum for r =
V
This size represents the minimum stable nucleus, of radius r^, below 
which the free energy will decrease upon dissolution, above which the 
free energy will decrease upon growth.
The solubility of a small particle, such as a crystal nucleus, can 
also be shown to be a function of its size^® .
where and are the solubilities of spherical particles of radius 
r̂  and rg, R is the gas constant, T the absolute temperature, p the 
density of the solid, M the molecular weight of the solid and a the
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surface energy of the solid in contact with the solution. The normal 
solubility (C*) is for the case of a solid in contact with solution 
where the interface can be considered planar, ie r tends towards «*. 
The solubility (C^) of a particle of radius r can be expressed as:
r
r 2Ma , o 1 / \2.14)
The ratio of the solubilities (C^/C*) is the expression used to 
define the supersaturation ratio (S^) (eq. 2.3). Eq 2.14 can be
rearranged to give
^ " RTp to 2.15)
Equation 2.15 shows that as the value of increases so the size of 
critical nucleus will decrease; smaller particles become more stable.
The volume of this critical agglomeration is given by
^  [2Ma/RTtoS^]3 (eq 2.16)
and the number of ion pairs necessary to form the agglomerate is 
given by
N = V/V
where V is the volume of one ion pair in the crystal structure
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.% N » —  [2Ma/RTpAnS P  (eq 2.17)
3V
Substituting published parameters for calcium carbonate (M » 100 (g
-9.24mo 1-1), a » 0.15 (J \  R = 8.314 (J mol'^K”!), T - 298 (K), p
2.7 X 10^ (g m”3) V = 6.4 x lOT^S (m^)^^ we get
N » 6.3 X 103/(lnS^)3 (eq 2.18)
Table 2.2 shows the number of molecules necessary to form a critical 
nucleus over the range of supersaturation ratios predicted for 
typical cooling waters (table 2.1).
Table 2.2
The Number of CaCO^ Molecules Involved in the Formation of a Critical 
Nucleus as a Function of Supersaturation Ratio
s— r N
1 00
1.01 6.4 X 10^
1.1 7.3 X 10^
1.5 9.4 X 10^
2.0 1.9 X lo"̂
5 .0 1.5 X 10^
10.0 5.2 X 10^
20.0 2.3 X 10^
30.0 1.6 X 10^
50.0 1.1 X 10^
100.0 6.5 X 10^
- 31 -
Equation 2.18 indicates that at the highest supersaturation ratios 
predicted for cooling waters, ie = 30, the critical agglomerate 
will comprise ca 160 ion pairs. The probability of a simultaneous 
collision of the critical number of molecules can be estimated from 
the concentrations of relevant species. If all the ions and ion 
pairs are included, ie Ca++, CaHCO'§, CaCOg®, CO3 , HCO3" and H^Og®,
a typical hard water at a supersaturation of 30 may have a combined 
species concentration of 2 x 10“  ̂ mol 2” !, in terms of mol mol" ̂ 
(water) this becomes 3.6 x 10”** mol mol"! (water). There are 160 
sites available and so the probability of any relevant ion or ion 
pair being at one of the sites is 5.8 x 10"%. Even allowing a random 
arrangement of scaling species in the designated volume, the 
probability of the nucléation event is ^ (5.8 x 10"^) !^® which is 
very small (ca 10"200). The requirement for the species being 
ordered in a lattice further reduces the nucléation probability.
The very high improbability of a simultaneous nucléation event leads 
to a model of nucleus formation in which the agglomerate builds up by 
bimolecular addition over a period of time A given ion or
molecule diffusing through a solution will, on each diffusion jump, 
change a fraction of nearest neighbours, the probability that a 
particular molecule being one of those new molecules being given by 
its concentration. The rate of encounters is given therefore by a 
combination of diffusion rate, species concentration and the number 
of neighbour sites for the given system. If the concentration of the 
ionic species involved in the agglomeration is C mol £"! then the 
solution volume in which the critical number (N) ions occurs is given 
by
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Vfi = N/(N^C X 1Q3) (m3) (eq 2.19)
= 1.66 X 10~27jj/q (m3 )
(N^ is Âvogadro's number)
The radius of this volume element is
r - 7.3 X 10-10(N/C) 4  („) (eq 2.20)
If we make the assumption that all of these ions agglomerate at a 
central point then the time taken for the diffusion of ions from the 
outer regions of the volume element to the central point will 
determine the agglomeration time; this can be estimated from 
Einstein's equation
2t = x^/D (s) (eq 2.21)
where t is the time for the ions to diffuse over the distance x and D 
is the diffusion coefficient of the ions involved in the 
agglomeration
If we let X = tg then the agglomeration time becomes
(,q 2.22)
D C '3
Combining this equation with equation 2.17
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t . 2^7_xlO_]2 X (2Ma/RTplnS )3]^^3 (eq 2.23) 
D C '3 3v ^
and for calclte at 25®C this becomes
t ° 9.2 X 10"!7/p c^/3 (inS^)2 (eq 2.24)
Taking the combined concentration of the species as 2 x 10”  ̂mol JT ! 
and the diffusivity of these species as 1 x lO"^ ^2 g- 1̂ ® the time to 
build up an agglomerate to the size of a critical nucleus at a 
supersaturation ratio of 10 is ^ 2.4 x 10"? s. Equation 2.24 
indicates the importance of both supersaturation ratio and relevant 
ion concentration on the nucléation time, and provides a basis for 
the nucléation inhibition model developed in chapter 6.4.
2.4.2 Heterogeneous Nacleation
A similar thermodynamic/kinetic argument can be proposed for 
heterogeneous nucléation events. Obviously the major difference in 
the argument is the presence of the foreign surface and, as a 
consequence, the surface energy terms associated with it. In the 
consideration of homogeneous nucléation the geometry of the nucleus 
was chosen as a sphere on thermodynamic grounds; the surface free 
energy and hence surface area will tend to be minimised. On the same 
basis a nucleus on a flat heterogeneous surface might be considered 
as a sector of a sphere. The degree of sphericity depending on the 
surface energies of the substrate, the nucleus and the solution.
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Fig 2.5
Diagramatic representation of a hemispherical nucleus growing on a
plane surface.
Solution




^ - 3  -, «I.
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In general to make the model more tractable the nucleus is assumed to
eg 29be of hemispherical geometry , In which case the energy balance 
equation (eq 2.10) becomes:
AG = %r2(202 + @3 -  ̂irr ̂ (eq 2.25)
where cr̂ , Og and Og are the surface energies defined on fig 2.5 and 
the other factors are as previously defined. The critical radius 
therefore becomes:
r = -(2O2 + O3 - o ^ ) / ( e q  2.26)
The Interfaclal tension, Og, Is almost certainly unknown. It will
always lie between 02 and 03 and as a rule It will tend towards the 
larger of or o^^O.
If we assume that nucléation occurs at the metal (metal oxide) heat
exchanger surface, which has an Intrinsically high surface energy,
then r^ will be less than or equal to r^ calculated for homogeneous
nucléation. Taking the largest value for r (= r for homogeneousc c
nucléation) then since the geometry Is now hemispherical rather than
spherical the critical volume and hence the number of Ion pairs
associated with It will be a half of that necessary for homogeneous
nucléation. If, on the other hand the nucléation event were to occur
on a low energy substrate, such as a polymer, then 03 would be larger
than a and r would be Increased, by up to perhaps 50% (r ^ 1 c c
302/AGv), and this would result In the necessity for an agglomeration
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comprising more Ion pairs than that stable under homogeneous 
nucléation conditions. In the latter case surface nucléation might 
be argued to be a less Important mechanism for scaling than bulk 
nucléation followed by particulate deposition. The majority of heat 
exchange plant Is metallic and the former condition will apply.
If the same argument Is made for heterogeneous nucléation on the 
metal substrate as was applied to homogeneous nucléation then In 
equation 2.19, the solution volume In which the critical number of 
Ions occurs becomes
Vg » 8.3 X 10-28n /c (m^) (eq 2.27)
but the volume element Itself Is hemispherical and Its radius will be 
the same as that calculated for homogeneous nucléation (eq. 2.20) and 
consequently the agglomeration time will be the same. If however the 
size of the critical agglomeration Is decreased by 50% by the 
presence of the substrate the agglomeration time will be decreased by 
over 60%. In other words, for a given supersaturated solution, 
nucléation at a high energy surface will occur more rapidly and with 
a higher probability than would occur either homogeneously or at a 
low energy surface. The argument for heterogeneous nucléation on a 
high energy surface will be more fully developed In chapter 6.4.
In view of the findings of Section 2.3.5, In which the conditions at
the heat exchange surface provide the greatest values for S^, this 
reinforces the Idea that the predominant scaling mechanism Is one of
nucléation and growth at the heat exchange surface.
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2.5 Crystal Growth
Once stable nuclei, whether arising homogeneously or heterogeneously, 
have been formed in a supersaturated solution they will grow. 
Crystal growth can be seen as the arrival of a growth ion or Ion pair 
from solution and Its adsorption onto the crystal surface and 
subsequent uptake Into the crystal lattice. In aqueous solution the 
Ionic species Involved In the crystallisation will exist In a range 
of states of hydration. To be Incorporated In the lattice they may 
have to be partially or totally desolvated. This water will 
subsequently have to be lost from the crystal surface. The processes 
Involved In crystal growth are therefore:
1) Diffusion of hydrated species to the surface
2) Partial or total desolvatlon
3) Incorporation of the desolvated Ions Into the crystal lattice
4) Diffusion of water away from the surface
Any or all of these could be rate determining for crystal growth.
Diffusion Is the process by which a system achieves a homogeneous
chemical potential through random atomic, Ionic or molecular motion. 
In the absence of significant temperature or pressure differences the 
driving force for diffusion Is the chemical activity or concentration 
gradient.
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f - - D f  (eq2.28)
Where N is the number of atoms, ions or molecules diffusing In time 6 
per unit area, dC/dx is the concentration gradient in a given 
direction and D Is the diffusion coefficient for the diffusing 
species. Equation 2.28 Is the statement of Picks' first law.
The concept of diffusion has been the basis for a number of crystal 
growth models. When a crystal Is In contact with a supersaturated 
solution growing species are Incorporated Into the crystal lattice, 
thereby depleting the solution close to the crystal surface. Thus a 
concentration gradient Is set up and the diffusion of growth unit 
species to the surface layer occurs. Conversely the production of 
water during the desolvatlon step generates a higher water volume 
fraction at the surface of the crystal than Is found remote from It 
and this water concentration gradient causes water to diffuse away 
Into the bulk solution.
For growth to occur the Ions adsorbed on the surface must be
eg 31Incorporated Into the lattice. In the Gibbs-VoImer theory ® It 
was suggested that Ions on the surface need to form a critical, two 
dimensional 'Island' nucleus which then rapidly expands to cover the 
plane surface. The thermodynamic argument for the formation of these 
nuclei Is similar to that discussed In chapter 2.4. Since the growth 
of an Island nucleus Is very rapid the rate determining step Is the 
formation of the nucleus. A dilemma for this model was that measured 
growth rates of crystals were In some cases orders of magnitude
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greater than predicted by the model for solutions at low super- 
saturation ratios. A model of crystal growth was needed which 
obviated the requirement for a nucléation step.
32A solution came with the Burton-Cabrera-Frank (BCF) model . Few If 
any crystals have an Ideal lattice; point defects and dislocations 
abound. At the site of a dislocation emerging from the lattice there 
Is a step on the crystal surface and the BCF model postulated that 
these steps act as sites for growth and so the requirement for Island 
nucléation is lost and crystal growth can be expected to occur at low 
supersaturations.
Either or both of these mechanisms, diffusion control of supply of
material to the surface or Incorporation of adsorbed Ions Into the
lattice, can be rate determining. The concentration of the solution
at the surface will reflect the rate controlling mechanism. If
surface Incorporation Is rapid compared to the transport step the
surface will be In contact with solution at the equilibrium
saturation concentration. Conversely If the surface Integration step
Is rate determining the solution at the surface will be of the same
33concentration as the bulk. Nielsen has claimed that salts that
crystallise In a dehydrated form have surface Integration rate
control; highly hydrated salts are In general diffusion rate
controlled. The present work Investigates the growth of calcium
34carbonate. In general this exhibits a dehydrated crystal form , and 
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The problem of fouling of industrial plant has been with us as long 
as industrial plant. In the days of cheap plant, cheap labour and 
cheap energy fouling was considered perhaps as an Inconvenience. 
This Is no longer the case. Real benefits can be obtained by 
understanding and decreasing the fouling problem. The work done on 
fouling and the reviews of this work reflect the recent Interest.
From the late fifties through the sixties several reviews were
published^® 35,36 ^jg^^lng with the work on scaling In desalination
equipment. Since the early seventies the areas of work have
diversified to other fluid systems, as have the reviews. Not only
have publications diversified, they have become a cascade. This Is
37particularly so with reviews. Epstein recently commented that
reviews were appearing more frequently than was original work; he has
been responsible for s e v e r a l ^ I t  Is generally considered that 
2Taborek et al sparked much of the recent Interest In fouling by 
their general review of work In the areas of heat transfer fouling.
They particularly emphasised fouling mechanisms and predictive
41-43 38-40models. Bott and Epstein have produced reviews of similar
compass. A number of conferences have examined the area, the most
Important from a scientific and technical point of view was held at
44Rensselaer Polytechnic Institute, NY, In August 1979 at which a 
- number of comprehensive reviews of the various fouling mechanisms 
were presented.
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The late seventies saw the publication of at least three reviews
devoted in the main to crystallisation fouling. Troup and 
45Richardson concerned themselves with scale nucléation, rather than
subsequent scale growth. Reference was made to supersaturation
requirements of scaling and how operational parameters such as
temperature affect the supersaturation conditions. The major areas
discussed were the type of material used for the heat transfer
surface and Its condition. Various chemical and physical techniques
used to prevent or reduce scale nucléation were also reviewed. 
4 6Bridgwater discussed rather than reviewed the pertinent areas of
47scale nucléation, growth kinetics and scale removal. Hasson 
produced a comprehensive Invited review for the Rensselaer 
conference. Both the practical and fundamental aspects of 
crystallisation fouling were discussed. Industrial plant and 
processes In which this fouling mechanism Is significant were 
described. Operational conditions were then linked to solution 
equilibria, precipitation kinetics and scaling mechanisms for a range 
of minerals that have been found to scale heat exchange plant. 
Hasson concluded that the overall fouling models are conceptually 
sound, the deposition and removal mechanisms requiring greater 
understanding at a fundamental level. His belief was that such an 
understanding would then provide a full model for crystallisation 
fouling.
-3.2 Calcium Carbonate Scaling Studies
Past studies of calcium carbonate crystallisation fall Into one of 
three categories. The first two of these, nucléation studies In bulk
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solution and seeded growth studies, both of which have been carried 
out under well defined Isothermal conditions, will be discussed later 
(chapter 3.3). In a sad contrast the scaling of a heated surface 
has. In general, been studied under conditions where little. If any, 
control of the chemical environment has been made. The techniques 
used have either been once-through systems or recirculating systems 
with natural hard waters, synthetic hard waters or sea waters; this 
review will cover the work on the non saline systems only. It Is the 
lack of control on experimental parameters such as flow rate, surface 
temperature and water chemistry that has made the Interpretation of 
results difficult. A general criticism, and one that will be 
enlarged upon In chapter 6.1, Is that large fluctuations In 
supersaturation ratios occurred In almost all of the studies. 
Equally It can be said that scaling studies have:
1) attempted to answer a much broader question than crystal growth 
studies
2) been conducted In apparatus that did not lend Itself to chemistry 
control as did the smaller scale crystal growth studies
Both of these factors In no small way have contributed to the 
difficulties experienced by Investigators In the development of 
working models for scaling.
48Hasson In his Initial fouling paper described a series of four 
experiments In which a hard municipal water was passed once-through a 
pipe heated externally by condensing steam. The thickness of scale
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deposited at any time during the run was Inferred from the 
measurement of Inlet and outlet water temperatures, steam 
temperature, water flow rate and scale thermal conductivity. The 
runs were of five to six weeks duration after which the tubes were 
physically examined.
Hasson developed a diffusion controlled mass transfer model from his 
results. The species chosen as growth rate determining were Ca"*̂  and
HCO3*; the concentration of which are relatively Insensitive to 
supersaturation ratio for a given water (see fig. 2.2, p. 18). 
Hasson reported that the calculated deposition rate decreased towards 
an asymptote. The Kern and Seaton^ model was used to Interpret the 
results. Considering that the experimental arrangement employed will 
result In a decreasing scale/fluid temperature as scaling ensues, the 
observed decrease In scaling rate may be the result of 
autoretardation of the crystal growth.
49In a later paper Hasson et al further developed the diffusion 
controlled scaling model. Improvements In the technique Included a 
constant heat flux capability; thereby allowing the maintenance of a 
constant scale/fluid Interface temperature. There was also a
facility to harden or soften the makeup water to the recirculating
feed/blowdown rig; no control of the rig solution chemistry could be
achieved. The parameters studied were flow rate, surface temperature 
and water composition. A number of the produced scales were 
crystallographlcally analysed, preponderantly aragonite was the 
crystal form observed. The scale growth rate results showed a marked 
dependence on flow rate; growth rate (w) « Re^.^®. Their
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Interpretation was that diffusional mass transfer of Ca*^ and HCO^” 
dominates the scale growth rate. It was reported that the surface 
temperature variations, 67 - 82®C, resulted in minimal scale growth 
rate change. Such a large temperature variation significantly 
affects the supersaturation ratio (chapter 2.2 and 4.2) and thus 
would be expected to result In significant crystal growth rate 
variations (chapter 3.3). Hasson attributed the small Increase In 
growth rate with Increasing temperature to a combination of Increased 
mass transfer coefficient and decreased solubility of CaCOg. Hasson 
has studied scale formation from various hard waters In a number of 
heat exchanger geometries. Recently he has studied falling film 
evaporators^^ and again reports a diffusion controlled scaling 
mechanism.
Freeborn and Lewls^^ examined scale Initiation phenomena for a number 
of salts using a once-through rig. Their test surface was a polished 
Monel plate heated Indirectly by clamping an electrical heater 
against the test plate. One of their solution systems was calcium 
bicarbonate. They reported that scale nucléation was associated with 
bubble formation; rings of crystals were found to occur at the 
triple Interface between heated surface, solution and vapour phase. 
The flow rates studied were very low (less than 4 mm s”^) and are not 
representative of plant operation, when higher flow rates were 
employed no scaling was observed.
52-54Knudsen et al described the use of a model cooling system
developed by Heat Transfer Research Incorporated (HTRI). The system 
was of an open evaporative recirculating type with a make-up to
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account for evaporative losses. The test section consisted of an
annular duct, part of the core of which was indirectly electrically
52heated. The first paper dealt with the effect of alkalinity on the
scaling characteristics of simulated river waters. The reported
(thermal resistance) scaling rates In general exhibited a decrease
with time and was interpreted In terms of an asymptotic fouling
resistance. The asymptotic fouling resistance was compared to the
test solution alkalinity, and a broad trend was Indicated In that
Increased asymptotic fouling resistance results from Increased
alkalinity. Occasionally scale Induction periods were observed
during which no thermal fouling resistance could be detected for
periods of up to 100 hrs. The presence of an Induction period did
not affect the value of the asymptotic scale resistance nor the rate
of reaching this once scaling had commenced. The presence of
material other than CaCOg In the scale decreased Its strength
significantly. This latter point reflected a change In the
asymptotic scale resistance through an Increase In the removal term
53(chapter 1.2). The second paper described the Investigation of the
effect of surface temperature on fouling resistance. Significant
alkalinity variations during the runs were reported, but despite the
5 2earlier results were not considered In the discussion. The
asymptotic fouling resistance was plotted against the reciprocal of
the surface temperature to give an Arrhenius plot; an activation
energy of 25 kJ mol”  ̂ was determined. More recently Lee and 
54Knudsen have examined fouling by other scaling salts. They do 
however report the effect of flow rate on asymptotic scale resistance 
of a predominantly CaCOg scale. The results Indicated 
'qualitatively’ that the asymptote Is lowered by Increased flow
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velocity; this conclusion. If drawn from the results reported, is 
however made on the results of two experiments, in one of which (the 
higher flow rate) no scaling was observed.
Epstein's group at the University of British Columbia have also 
Investigated scale deposition. Artificial hard waters were 
recirculated through steam heated test sections, either pipe or 
annular In geometry. Watklnson et al^^ studied the effect of 
velocity, bulk temperature and tube diameter on the asymptotic 
fouling resistance. Municipal supply water was Initially 
recirculated to obtain 'clean' heat transfer coefficients and 
concentrated salt solutions (of NaCl, CaCl^ and NaHCOg) were added. 
Fouling rapidly followed and the decline In heat transfer coefficient 
monitored. All the scales were composed of a 'sludge* on top of a 
compact crystalline layer. The fouling rate was found to decrease 
with time and was Interpreted In terms of a deposition and removal 
model. In the early period when the deposition term Is dominant the
9Reltzer deposition model was found to be the one most appropriate
but over extended periods the Kern and Seaton^ equation provided a
better model. Even though In discussion Watklnson argues for the
autoretardation of scaling by decreased fluid/scale surface
temperature as scale build up occurred he concluded, on the basis of
curve fit, that the Kern release mechanism (chapter 1.2) operated.
The effect of bulk temperature on asymptotic value of fouling
49resistance was reported to be greater than that found by Hasson
Very recently Watklnson^^ discussed the effect of water quality on
49scaling In terms of the Hasson diffusion controlled model and 
claimed that the thermal scaling rates could be predicted from
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the diffusion model. From the data presented by Watkinson^^, some of 
which is presented in Table 3.1, it would appear difficult to justify 
this claim for all but low measured scaling rates.
Table 3.1
A comparison of Watklnson*s experimentally obtained scaling




f = 0.5 k^ [Ca++][(1 + 4ac/b2)* - l]b/apk (eq 3.1)
where k^ is the mass transfer coefficient for ions and a, b 
and c are water composition parameters defined by Watkinson^^.











Recently Nancollas has been adapting the technique of constant
composition crystal growth (chapter 3.3) to scaling studies.
So far only the kinetics of calcium sulphate scale growth on a heated
57 58substrate has been investigated ’ , but it is Nancollas*
59intention to consider a wider range of mineral scales, including 
the calcium carbonate crystal forms, calcite and aragonite, in the 
future.
3.3 Calcium Carbonate Crystallisation Studies
The study of calcium carbonate crystallisation mechanisms is of 
interest to workers in fields as diverse as oceanography and 
dentistry; from the problem of how quickly supersaturated oceans will 
precipitate magnesian calcite to how quickly teeth develop carbonate 
tartars. Several techniques have been employed in these studies. 
One category is the spontaneous precipitation method.
Kitano^^ followed the rate of CaCOg precipitation from Cb(HC0g)2 
solutions by monitoring pH and total Ca++ ion concentration. His 
solutions were initially saturated with CO2 gas and precipitation 
occurred over a period of 5 to 18 days as the solution equilibrated 
with air. The reaction order for CaCOg growth was found to be 
approximately unity with respect to calcium ion concentration; Kitano 
did not attempt an analysis of the nucléation step. The kinetic 
interpretation of the experimental data was difficult, account must 
~be taken of the rate of solution/gas phase equilibration in addition 
to the problems associated with the presence of heteronuclei in 
solution. Packter^^ used a similar technique and attempted to 
separate the nucléation and growth steps from measurements of
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turbidity and mean crystallite size during growth. The super­
saturations studied were described as high, but were not quoted nor 
was sufficient information reported to allow their calculation. The 
results indicated that nucléation in supersaturated solutions 
occurred by the formation of a neutral aggregation of only two to 
four ion pairs (see chapter 2.4).
6 2Koutsoukos recently described a spontaneous crystallisation 
technique in which solutions of CaCl2 and NaHCOg were carefully mixed 
giving a solution that was supersaturated with respect to CaCOg• 
Typically supersaturation ratios of ca 3 were used. Specific ion 
electrodes monitored the changes in pCa from which induction times 
were determined and growth rates calculated. In these experiments it 
was impossible to determine whether nucléation and crystal growth 
mechanisms operate simultaneously or consecutively. In addition the 
almost unavoidable presence of heteronuclei in the test solution 
further complicated the issue.
By far the greatest effort has been in studying the calcite growth
mechanism using seeded growth techniques. Such techniques are made
possible by the existence of a well defined metastable region between
equilibrium saturation conditions and the conditions under which
spontaneous crystallisation occurs. Supersaturated solutions can be
prepared, with careful control of experimental conditions, that are
63stable for a period of days . The inoculation of such solutions 
with seed crystals results in growth on the seed and the rate of 
growth can be monitored by the change in a number of solution 
parameters eg pH, pCa or conductivity.
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A number of workers have investigated the effect of foreign ions and
additives on growth kinetics, a subject reviewed later (chapter 3,4),
but necessarily they mention studies in the absence of foreign
species. Many have commented or studied the effect of seed crystal
mass or the condition of seed crystal surfaces on the growth
34kinetics. Brooks et al noted the phenomenon that a critical seed 
mass was required to prevent spontaneous crystallisation. 
Examination of seed crystals after addition at various concentrations 
to calcium carbonate solutions of the same initial supersaturation 
has shown that at moderate seed concentrations calcite growth 
proceeds by the formation and movement of macro growth steps across 
the major crystallographic faces, while at low seed concentrations 
there was also evidence of secondary nucléation and growth at surface 
and edge sites^^. Nancollas et al^^ have been associated with a 
number of developments in seeded growth studies. They have
particularly considered the question of seed condition. The chosen
method was to prepare the seed material and allow pregrowth before
making any measurement of reaction kinetics. During the time
measurements are taken the seeds can thus be considered to be growing 
at the equilibrium rate for the test conditions used, rather than 
having to achieve this equilibrium rate and in so doing exhibit a 
less representative growth stage and growth rate.
Nancollas has moved away from seeded growth studies in which the 
changes in pH or pCa were the data from which growth kinetics were 
determined^^ to the constant composition technique^^. In this 
technique modified autotitration equipment is used and the growth
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kinetics are obtained from the rate of addition of concentrated 
solutions to maintain their concentration in the reaction vessel. It 
is assumed, not unreasonably, that the rate of addition of the growth 
ions is identical to the rate of their uptake by the seed material. 
These developments are particularly useful when the effect of 
additives is to be studied. Using the constant composition technique 
Nancollas et al^^ have shown that the rate of growth of calcite is 
proportional to the square of the relative supersaturation
m - k(((aca++)(a2Q^__))* - (eq 3.2)
where m is the mass growth rate, a is the activity of Ca”̂**" or CO3 ,
Kgp is the activity solubility product for calcite and k is the 
reaction rate constant.
It was found that the rate law observed, second order with
concentration, was consistent with a model in which the rate-
determining step was incorporation of the Ca**̂  and CO3 ions into
the growing surface of the crystal. This was further supported by no
observed stirring rate dependence, and an activation energy of 43
kJ mol*"^, considerably larger than the 15 IJ mol“  ̂ expected for a
68diffusion controlled reaction , and significantly larger than the 25
_ 52kJ mol"l reported by Knudsen for scaling of heated surfaces.
Because Nancollas measured the rate of growth directly, rather than
from change in thermal resistance, and maintained a greater degree of
chemical control over the experiment his results and hence
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conclusions and proposed models must be considered with more 
confidence.
3.4 The Effect of Foreign Ions and Molecules on Calciom Carbonate 
Crystallisation
The importance of desalination technology is reflected in the 
research into scaling by natural brines, the effect of the naturally 
present non-scaling species and the additives used to lessen the 
problem. Cailleau et al^* reported the findings, both reviewed and 
experimental, on calcite cementation. The main results were that in 
general foreign ions reduced the growth rate of calcite, inhibited 
the transformation from one crystal variety to another and changed 
growth rates of some faces at the expense of others. Different ions 
exhibited different degrees of effect. The dominant ion was Mg++, 
zero effect was observed for K+ and d "  and other ions (Ba++, Na"*", 
Al̂ '*’, Cu"*"*", Sr++, and vere named) had a moderate effect.
Similarly citric acid and to a lesser extent tartaric acid affected 
the kinetics of carbonate nucléation and growth.
With regard to crystallisation of carbonates from hard, sweet waters 
the foreign ions from the above list that are commonly found are
Mg'̂'*’, SÔ  , Na"*", Cl" and increasingly PO^^".
-The special role of Mg'*”̂  on calcium carbonate crystallisation has
e£ 70long been recognised ° . Its effect is to favour the precipitation
of aragonite, a less thermodynamically stable form of calcium
carbonate, over calcite. The mechanism of this promotion is not
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clear. As with the studies of calcium carbonate growth kinetics many 
of the published results are of questionable value. Investigations 
have suffered from inadequately characterised solutions, the presence 
of solid phases in the solution or a lack of appreciation in the role 
of variations in the solution chemistry on carbonate crystallisation. 
Very little work has in fact been done on the effect of Mg++ in 
isolation.
An investigation by Reddy and Wang^^ is one of the few. They used an 
inoculation of a supersaturated solution by calcite seed technique. 
Calcium ion and pH was monitored and the effect of the presence of 
Mg'*"*" determined. Initial [ Ca'*’’*'] (the square brackets refer to 
concentration of the species) was approximately 2 x 10"^ mol 1"^ and 
a range of [ up to ca 10"^ mol 1"  ̂ was investigated. It was
found that for [ Mg’*"*"] less than [ Ca"*"*"] there was little effect on
calcite growth, for [Mg'*"*"] * [Ca"*̂ ] significant inhibition occurred 
and at [Mg'^] of 10”  ̂ mol 1"̂  calcite growth was nearly stopped. 
Unfortunately no change in initial [ Ca"*̂ ] was investigated so whether 
the 1:1 ratio is the relevant parameter for the threshold of 
significant calcite inhibition was not discovered. The conclusion 
reached was that the inhibition was satisfactorily described by a 
Langmuir adsorption isotherm model. For low concentration of 
inhibitor a reduction in the crystallisation rate is seen but the 
inhibitor is not incorporated into the growing crystal. At [Mg++] 
greater than 10"̂  mol 1"̂  it was suggested that a magnesium-rich 
phase may have formed, the suggestion was based on a decrease of
[Mg++] in solution during the growth period. The evidence put
forward for non incorporation at low [Mg++] was from scanning
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electron micrographs and from measurement of [Mg"*̂ ] during the run.
As regards the latter evidence, a proportional change in [Mg"*̂ ] for
the lower concentration experiments as found for the higher
concentrations would result in a change less than the errors involved
in its determination. Scanning electron microscopy gives, at best,
circumstantial evidence for Mg uptake by the crystal. It is well
72known that magnesian calcites form and lattice parameter data for a
26range of magnesium contents are available . If X-ray diffraction 
data for the grown crystals from both low and high [Mg**̂ ] solutions 
had been obtained, the existence and extent of Mg incorporation would 
have been more conclusively shown.
72Berner compared the growth rates on calcite and aragonite seeds in 
synthetic sea water and synthetic magnesium free sea water. He found 
the calcite growth was inhibited whereas aragonite growth was 
unaffected. This was attributed to adsorption of Mg"*̂  on calcite and 
its incorporation into the lattice, but not so with aragonite. What 
it was about the aragonite lattice that prevented adsorption was not 
discussed.
73Reddy and Nancollas conducted some spontaneous crystallisation 
experiments from solutions containing the foreign ions SO^ , Sr"*̂  
and Mg"*̂ . Sulphate and low magnesium presence resulted in crystals 
of characteristic calcite morphology, strontium and high magnesium 
give a mixture of calcite and aragonite. It was reported that high 
magnesium caused the initial phase to be essentially amorphous and 
this recrystallised over a period of days to a mixture of low 
magnesian calcite and aragonite, as distinct particle forms. The
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amorphous phase produced in the presence of inhibition agents was
34also reported by Brooks et al , in this case by polyphosphate ions.
3.5 The Effect of Inhibitor Chemicals on Calcium Carbonate
Crystallisation
The use of polyphosphates to provide control of calcite formation was
74reported by McCauley . The investigation was aimed at the 
development of corrosion resistant coatings for mains water 
distribution systems. The addition of polyphosphate allowed 
significantly higher momentary supersaturations to be achieved and 
this resulted in thinner, denser, more tenacious scales being 
produced.
A great variety of potential inhibitor molecules have been 
investigated, they broadly fit into one of four categories.
1) Low molecular weight organic molecules, usually acids eg citric, 
tartaric and organic phosphonic acids.
2) Low molecular weight inorganic molecules, eg sodium 
triphosphate.
3) Long chain polymeric molecules, again usually with acidic or 
hydroxylic side groups, eg polyacrylic and polymaleic acids.
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4) Protelnaceous molecules, eg gelatin and phosphoprotelns•
It has been the ability of such materials to modify crystal growth 
rates and crystal habits that has aroused interest. A number of 
general reviews of the state of the art are available^® but the 
areas concentrated on are generally biomineralisation systems such as 
apatites and oxalates.
The effectiveness of additives in influencing crystallisation 
processes have been studied by a number of techniques. One of the 
simplest and most convenient techniques is to mix solutions 
isotherm ally to give a precipitate and to weigh the amount produced 
after a given time in the presence and in the absence of a known 
concentration of the inhibitor^^. In a modification of this 
procedure the mixture is pumped through an optical analyser and the 
optical density is recorded as a function of time. This can provide 
a measure (i) of the initiation time, defined as the time after the 
mixing of the solutions to reach a certain optical density, (ii) of 
the precipitation rate, defined as the maximum rate of increase of 
the optical density, and (ill) of the percentage precipitation which 
has occurred after different times^^. Similar results can be 
obtained by following the decrease in calcium ion concentration in 
solution^^*^^ . These techniques give information about the 
overall effects of the inhibitors on both scale nucléation and growth 
processes under isothermal conditions, an understanding of the extent 
to which the inhibitors affect the individual mechanisms of 
nucléation and growth is determined by the rapidity and efficiency of
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separating small crystallites and crystal nuclei from the mother 
liquor before analysis is undertaken.
A frequent effect of additives is that of habit modification.
8 0Wilken examined this effect on spontaneous calcium carbonate 
precipitation in the presence of a number of additives. The level of 
addition made to the supersaturated solution, ca 50 mgkg”  ̂ (solids 
content), is much greater than economically practical for typical 
cooling system applications but the supersaturation ratio was 
similarly far greater than is likely to be experienced. The proposed 
mechanism of additive action was interference during the stage when 
the crystallites can be considered as colloidal particles. An 
additional suggested effect is that the additive molecule can become 
incorporated in a number of crystallites, bonding them together and 
giving rise to ’string of pearls' type agglomerations.
81Hasson reported a number of additive inhibition results. The 
solutions used were synthetic sea waters, but the precipitated 
mineral was assumed to be exclusively CaCOg. The major findings were 
reported to be:
1) An increase in additive concentration gives rise to an extension 
of the induction time (linear relationship) and decreases the 
crystal growth rate.
2) Good growth inhibitors may not be effective in extending 
induction times.
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3) Crystal growth kinetics are surface reaction controlled (in
esT 49Vcontrast to his earlier results ® ).
4) The induction period is controlled by (unspecified) bulk
solution mechanisms.
5) A general trend is observed between the 'nature' and
concentration of the additive and its effectiveness.
6) There is an optimum molecular weight for an additive, monomers 
are inactive and high molecular weight fractions of material are 
less effective than low molecular weight fractions.
Other techniques used to measure inhibitor efficiency include the
82dynamic tube-blocking test in which the pressure drop increase
across a length of capillary tubing was measured while the inhibited
or uninhibited scaling solutions were passed through at a constant
rate. The test may be undertaken isothermally or with the coiled
capillary in a water bath or oven; no detailed analysis of nucléation
and growth rates in such a device appears to have been undertaken. A
83similar technique was developed by Tomson . A solution (2.0 M NaCl;
0.25 M CaCl2 and 1.25 M NaHCOg ) was prepared with an additive
present, and made to flow slowly through a stainless steel capillary 
(id 0.75 mm). About 15 m of the tube was held in an oven and its 
last few feet emerged from the oven and were cooled to 25*C in a 
water bath. The pH of the solution was monitored. The oven 
temperature was raised to ca 125°C for which a supersaturation of ca 
70 was reported. Crystallisation was detected by a decrease in
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solution pH through production of carbonic acid. The objective was 
to determine the additive required to totally inhibit the 
precipitation. It was reported that the concentrations of a number 
of threshold inhibitors required to prevent scaling under these 
conditions were within an order of magnitude (0.2 to 1.0 mg kg” )̂. 
The proposed criterion for homogeneous nucléation inhibition is given 
by eq 3.3.
2[c03“ ]/Zj^^[ln] < 1 (eq 3.3)
where Z. is the charge on the inhibitor and [in] its concentration, in
One of the assumptions made in the development of this model was that 
each time an inhibitor molecule interacts with a growing cluster of 
ions it causes its re-solution.
Whether a homogeneous cluster mechanism is realistic for practical 
applications is open to conjecture.
Reddy and Nancollas^^ examined the inhibition of seeded calcite
growth by a number of phosphonic acid derivatives. All the
derivatives markedly decreased the growth process, it was shown that
a simple adsorption mechanism satisfactorily described the inhibition
effect. Unlike phosphate inhibitors for which a close matching with
interatomic distances on some growing crystal faces has been 
85demonstrated , marked changes in molecular structure produced 
relatively minor changes in calcite growth.
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86Some work by Walinsky et al suggested that a commercially available 
polymaleic acid based additive (Flocon 247) suppresses alkaline scale 
formation by interference with the bicarbonate decomposition in 
addition to the crystal growth inhibition. It was argued that Mg"*̂  
and Ca"*"*" act as catalysts in the bicarbonate decomposition and the 
formation of Mg/Ca/inhibitor complexes disrupts this mechanism. 
l^C-labelled inhibitor was shown to be incorporated in the developing 
scales and the scale growth inhibition was attributed to this.
87Weijnen et al have studied inhibition by 1-hydroxyethylidene-l, 
1-bisphosphonic acid using the constant composition technique. 
Detailed examination of the results showed that the efficiency (Ig) 
of an inhibitor defined as the ratio
decreased sharply with the extent of growth v(0)/v(o) during the 
initial stages when 0 was small; v(0) is the rate of growth of the 
crystals at time 0 and v(o) the volume of the seed crystals 
introduced into the solution, taken at the same relative 
supersaturation (Rg)
“ (Cbulk - Cequll)/Cequil
where and C are the concentrations in the bulk solutionbulk equil
and at equilibrium respectively, and at the same stage of growth
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defined by v(6 )/v(o). The efficiency I increased non-linearly with 
increasing concentration of the inhibitor, and was lower at high 
relative supersaturations, particularly at low v(6)/v(o) values. The 
results could not be explained simply in terms of adsorption of the 
inhibitor on the growing crystal surface. Apart from these 
complications in explaining the results, the technique also required 
the provision of a uniform source of seed crystals, so that each 
batch had to be separately characterised before use.
A brief description of calcite growth inhibition by phosphate and 
phosphonate compounds is given by Nancollas et al^^. The constant 
composition technique was used, allowing a normal growth period to 
occur before additive addition. Significant growth inhibition was 
reported, but only qualitatively.
3.6 Prediction of the Scaling Tendencies of Water
A number of scaling tendency indices have been proposed, the most
8 8 89widely used of these being the Langelier and Ryznar indices. 
Both of these provide a number which is obtained from the solution pH 
and some calculated saturation pH (pHs).
The Langelier Saturation Index (LSI) = pH - pHs (eq 3.6) 
The Ryznar Stability Index (RSI) = 2pHs - pH (eq 3.7)
The value of pHs is calculated from an equilibrium approach following 
the same considerations as were outlined in chapter 2.2. Values of 
LSI greater than 0 or RSI less than 6 are the criteria for a water to
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be defined as having a scaling tendancy. At best they provide an 
indication of the existence or not of a driving force towards 
scaling. They certainly do not give a quantitative indication of 
scaling rates; the complex factors that determine scale growth rates 
cannot be incorporated into a simple thermodynamic statement of pHs. 
A number of models incorporating a more complete water chemistry have
e 17 90been presented but until the advent of computer codes the
calculations involved in modelling even simple waters were both
complex and incomplete. That is not to say that computer code based
models are complete; probably no model every will, or could be. The
requirements of a code to model the solubility behaviour of salts in
91natural waters are
1) Meeting mass balance requirements.
2) Meeting electroneutrality requirements.
3) Using thermodynamic equilibrium constants that are valid for the 
conditions.
4) Taking into account the activities of all (or at least all 
significant) ions, ion pairs and ionic complexes.
A number of presently existing codes in general meet these
91 92requirements • Truesdell et al developed *WATEQ* to determine the
degree of saturation of groundwaters with respect to ca 150 minerals.
Using similar concepts, codes have been developed (particularly by
water treatment companies as marketing aids), to more specifically
predict scaling in heat exchange plant. Examples are *SATEQ*
93 94described by Johnson et al and 'Calguard* . These codes required
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main frame computer capabilities and were, to a great extent, the
preserve of large corporations. Recently there have been attempts at
developing codes for microcomputers, the memory capabilities and
computational speed of which have necessitated some simplifications. 
95A recent example simply calculates the Langelier and Ryznar numbers 
from the equations presented by Langelier^^ for pHs, other than the 
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4.1 Experimental Objectives
In chapter 3 it was indicated that in the work carried out to 
investigate the fouling of heated surfaces by CaCOg crystallisation 
there has been inadequate control of the bulk chemistry of the 
fouling solution. The nature of the test rigs employed has, in 
general, made the control of conditions relevant to the scaling 
problem impossible. In general, fouling conditions appear to have 
been found by trial and error. In order that more reliable and
comprehensive scaling models be developed it is essential that the
individual effects of variations in the constitution of natural 
waters and the effects of antifouling additives are better 
understood. What for example are the effects of these parameters on 
the two possible scaling mechanisms of surface crystallisation and 
bulk precipitation/ particulate deposition (chapter 2.6)?. Results 
that help in understanding scaling and its control can only come from 
an experimental programme in which highly controlled, highly 
reproducible conditions are maintained; this thesis describes such a 
programme.
The main objectives of the programme were the following:
1) To develop computer codes to predict the saturation conditions 
for CaCOg in the test solutions over a variety of test parameters 
such as water hardness and temperature.
2) To develop apparatus in which scaling from solutions could be
studied under controlled conditions with sensible heat transfer and 
realistic solution flow rates over the heat transfer surface.
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3) To combine the above capabilities to investigate the effect of a 
range of foreign ions and some generic inhibitor materials on 
scaling.
4.2 The Development of Computer Codes
The underlying principle behind the solubility code development is 
that CaCOg scaling can only occur when CaCOg supersaturation 
conditions exist.
ie (»ca++)(*C03--)/Ksp > » ^  <«<1 4-1)
Scaling can be expected, from thermodynamic considerations, when this 
condition occurs in either the bulk solution or at the surface. In 
chapter 2.2 the factors controlling these ion activities were 
discussed. For (a^^++) the hardness of the water must be considered, 
for (a^Q — } the alkalinity and the position on the alkalinity 
equilibrium are important. Where adequate thermodynamic data are 
available it should be possible to calculate the positions of the 
various chemical equilibria and thus to predict the thermal and 
chemical conditions necessary to provide the driving force to produce 
CaCOg scaling. As was shown in chapter 3.6 this is not a new 
approach.
At the outset it was decided that the present study should examine 
scaling from simple synthetic model waters. On the grounds of ready 
dissolution at moderate concentrations and the reported^^ minor
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effect of Na'*’ and Cl“ on CaCOg growth the system chosen was deionised
water hardened by NaHCOg and CaCl 2* This system has the added
advantage that it has been studied by other workers in the scaling
field. It is also essentially a water in which a limited number of
ionic species are present and should therefore be one that can be
eg 90easily modelled. The comprehensive nature of some codes confers
inflexibility in their application and full water analysis details 
and operational parameters are necessary to calculate the relative 
saturation conditions of a water. It was decided that a code, more 
closely designed to meet the demands of the proposed experimental 
programme could be developed.
The ionic species to be investigated in the present work and 
therefore to be modelled by the code are presented in table 4.1
Table 4.1
The species incorporated in the water code
Anions
Cations
HCO3- CO 3- OH- S0 ~̂“ Cl~
Ca++ CaHCO 3+ CaCO 3 CaOH+ CaSO^
Mg++ MgHC03+ MgC0 3 MgOH+ MgSO^
Na+ NaHCOg
H+ H 2CO3 HCO3" H 2O HSO^“
The equilibrium distribution of these species can be defined by 




Simultaneous equations used in the calculation of the saturation 
conditions (square brackets refer to concentrations in moles per 
litre)
Y j2[H+][HC0 3- - KlBazCO;]
T2[H+][c03~ - K2BKC03"]
Y i2[h+][o h " - K3
T2:[Ca++][c03-- - K^JCaCOg"]
Y2[Ca++][HC0 3- * Kg[CaHC03+]
Y2[Ca++][0H- - Kg[CaOH+]
T2[ca++][S0^-- - K?[CaSO^]
Y2[Mg‘̂ ][0H- = Kg[MgOH+]
T2^[Mg++][c03-- - KgfMgCOj]
Y2[Mg++][aC0 3- - Kid [MgHCO 2+]
Y2[H+][S0^“ - K iJ h s o ^-]
Y2^[Hg-^][sO^“ - K i2[“s S0 ]̂
CO3] + [CO3--] 4 [nCOg"] + [CaCOj]
+ [CaHCOg+j + [NaHCOg] + [MgCOj] + [MgHCO ̂  ]
Total calcium = [Ca++] + [CaCO^] + [CaHCO 3+] + [CaOH+] + [caSO^]
Total sodium = [Na+] + [NaHCO 3 ]
Electroneutrality
[!!<•] + 2[Ca++] + [CaOH+] + [CaHCO ] + [Na+] + 2[Mg'*^] + [MgHCO ̂  ] 
= [HCO 3 -] + 2[C0,--] + [0H-] + [C1-] + 2[S0^-] + [HSO^-J
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The thermodynamic equilibrium constants (K ̂ to K %2 in table 4.2) vary
with temperature and ionic strength of solution. Compensation for
97temperature variations takes the form of either empirical 
corrections or from a van*t Hoff calculation
AH rl 1  ̂log^^K - log^K^ - 2.3R " T~^ (eq 4.2)
Where K is the required equilibrium constant, R is the value at the 
reference temperature, AH is the enthalpy of reaction, R the gas 
constant and T and T^ the actual and reference temperatures (R). 
Table 4.3 shows the expressions used in this code; the data were
taken from Truesdell et al92
Table 4.3
Temperature dependent chemical equilibrium coefficients 









3404.71/T - 14.8345 + 0.032786*T 
2902.39/T - 6.498 + 0.02379*T 
4787.3/T + 7.1321/log,.T + 0.01037*T - 22.8 
3.2 - 3130*Rq 
1.26 - 6331*Rq 
1.4 - 1190*Rq 
2.309 - 1650*Rq 
2.6 - 2140*Rq 
3.398 - 58*Rq 
0.928 - 10370*Rq 
5.35 + 0.01834*T 
2.238 - 4920*Rn
+ 557.2461/T
Temperature dependent equilibrium solubility products for 
some mineral scales.
logioKg. - 8.37 - 3190*Rq 
» 8.305 - 2959*Rq- loglO^sp 8.029 - 6169*R, 
11.204 + 850*R| 








where Rn = (—  - — ) T Tp
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e s  71Following other workers the activity coefficients and yg for
mono and divalent ions respectively are obtained from a modification
98of the Debye-Huckel equation due to Davies
log ŷ  = - 0.31 (eq 4.3)
IV T
- log Ï2 *= 4(-logyi) (eq 4.4)
the ionic strength I is given by
1 = 1  (eq 4.5)
where is the ionic charge and is the concentration of 
species i.
99It is claimed that such Debye-Huckel extensions are adequate for 
solutions of ionic strength of up to ca 0.05 mol which will cover 
the waters to be investigated in the present study.
The computer program was designed to calculate the saturation pH for 
a defined water and temperature. It achieves this by a self 
correcting iterative process through three nested loops which arrive 
at a self consistent mass balance, electroneutrality and saturation 
condition. The only data inputs required are calcium, magnesium, 
sulphate and chloride content of the water and the temperature to be
- 72 -
studied. An annotated program listing and an example of the program 
output is given in Appendix 1. Modifications to the program allow 
the supersaturation ratios of a number of phases to be calculated for 
a given water at defined test conditions. It will be the 
supersaturation ratio of CaCO3, defined as
3 sp
that will be the expression used throughout the thesis to define the 
existence or degree of supersaturation of CaCO3 with respect to a 
given test solution.
4.3 Development of Apparatus
The ability to predict the saturation conditions for CaCO3, and hence 
the conditions to study scaling, is only half the battle. It is also 
necessary to control these conditions experimentally to as high a 
tolerance as is practicable. The conditions relevant to the 
supersaturation ratio of CaCO3 for a given water hardness are 
temperature and pH; primarily it has been the latter parameter that 
has been poorly controlled in previous studies (chapter 3.2).
The use of the 'constant composition* technique^^ would provide an
59adequate control but it would be difficult to apply to the large 
solution volume required if realistic flow velocities and heat fluxes 
are to be employed; as is envisaged in the present study. The 
method chosen in this study has the benefits associated with the 
constant composition technique; the [Ca**̂ ] is large in relation to
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the mass of scale formed, and consequently no significant [Ca"*̂ ] 
decrease occurs during a fouling run, and the [cOg ] is maintained 
at a constant level through pH control.
pH control can be achieved by dosing with acidic or alkaline
solutions. Initial experimentation in the present work and the
eg 17evidence presented by others suggested that such a technique is
too coarse to give an adequately controlled chemistry.
The method chosen was to use a rig closed to the atmosphere in which 
the partial pressure of CO2 is controlled by sparging with carbon 
dioxide or argon gas. The argon bubble provides an interface across 
which CO2 diffuses. The CO2/A mixture can be lost to the atmosphere 
under controlled release and thereby p^^ is controlled.
4.3.1 Large Rig
A large rig was constructed mainly of glass with an annular test 
section and aimed to reproduce the tube sizes, flow velocities and 
Reynolds numbers typical of shell and tube heat exchangers. The 
water recirculation loop is shown schematically in fig 4.1 and a 
keyed photograph of the loop given as fig 4.2. The solution was 
drawn by a stainless steel centrifugal pump from a storage vessel 
through a chamber, which acted as a flotation cell for entrained gas 
bubbles, and a rotameter to the base of the test section, the 
solution flowed vertically upwards through the test section, and then 
via a glass heat exchanger back to the storage vessel. The flow rate 
was manually controlled by a valve on a bypass circuit; Reynolds
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Fig 4.1












Fig 4.2 Photograph and Key of the Large Deajpsitlon Big
r
. p-eater^jf-
îEônt'ror Len m  WE.
i m -








A . E / \ r .  r  - '
PHOT , - • c . : •
m- ' ■ ■ ■ A1̂ C?4 .f . ! . . il
Fig 4.3











numbers up to 25,000 could be achieved in the test section. The 
total volume of the loop was 120 X
The test section consisted of a 1380 mm long copper tube 22 mm o.d. 
mounted concentrically within a 40 mm i.d. glass tube (fig 4.3) which 
was heated indirectly by a 305 mm long 1800 W cartridge heater which 
could be operated at constant power or constant temperature. Tube 
surface and heater temperatures were measured by 0.5 mm o.d. 
stainless steel sheathed NiCr/NiAl thermocouples, and bulk water 
temperatures at each end of the test section by platinum resistance 
thermometers. Temperatures and bulk solution pH values were recorded 
on a data logger.
4.3.2 Small Rig
The large rig proved to be inflexible, expensive and time consuming 
for studies of the initial scale formation on a heated surface. Each 
run with the large rig took a minimum of 1 week', required 300-500 X 
of deionised water, 500 g chemical hardener (CaCl^ and NaHCOy) and 
extensive test section preparation. A more effective rig was 
required for these shorter term experiments, and a smaller 
recirculating rig (of nominal volume 12 A) was built.
The small deposition rig is shown in fig 4.4. The general flow 
scheme for this rig was similar to that for the larger rig (fig 4.1). 
The only variation, other than size and configuration of test
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section, between the loops was the pump, which had a head of glass 
filled polypropylene rather than that of stainless steel. A number 
of test section developments were tried, the most successful, in 
terms of safety, durability and ease of test coupon replacement, was 
of sandwich construction machined from stainless steel (fig 4.5).
Flow occurred in a 2 mm by 20 mm rectangular channel between the 
flush mounted copper test surface and a transparent window the 
overall length of the rectangular channel was 180 mm, the heated test 
surface, of length 40 mm, started 100 mm downstream from the inlet. 
Copper test coupons were machined from 1 cm thick plate such that a 
tight fit was made with the base plate of the stainless steel 
sandwich. The seal was made by a rubber *0* ring. The coupon rested 
on a copper block which was indirectly heated by two 56 mm long 150 W 
cartridge heaters, the heater assembly being insulated by mineral 
wool and stainless steel shell. The test assembly is diagramatically 
shown in fig 4.6.
Continuous monitoring of the surface, heater and solution 
temperatures and solution pH was made using an ICI GAMMATROL (now 
called REXAGAN ) interface unit and a CBM PET 4032 microcomputer. 
Individual inputs were monitored over 60 secs and the mean recorded 
on disk. Computer control of pH was achieved by motorised argon and 
CO2 valves controlled through the interface unit; the bulk pH could 
be controlled to ± 0.05. The equipment is shown in fig 4.7, the data 
recording and pH control program is given as appendix 2, its logic 
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Use of the smaller rig allowed up to four runs per day, representing 
a major improvement in productivity over the large rig.
4.3.3 Commissioning the Rigs
After rig assembly and leak testing the various parameters of 
interest were characterised using deionized water as the recirc­
ulating medium.
1) Flow rates
The rotameters were calibrated by determining the mass of water 
passed in a given time interval. Fig 4.10 shows the calibration for 
the small rig test cell. For flow meter readings > 5 a linear 
relationship between reading and either flow velocity or Reynolds 
number (Re) was found.
The Reynolds number is given by the expression
Re = pui/p (eq 4.7)
where p = solution density (1000 kg m“ )̂, I is the hydraulic mean 
diameter of the test section, for the rectangular flow geometry test 
section this is given by 2ab/(a+b)^^^ *» 3.64 x 10”  ̂m (a and b are 
the dimensions of the flow channel), u is the solution flow velocity 
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The linear relationships can be expressed as
Re = 750 F (eq 4.8)
or u = 0.183F ms"-*̂
Where F is the rotameter reading.
Reynolds numbers up to 16,000 (u ~ 3.9 ms"^) could be achieved in 
the rectangular flow geometry test section. A similar calibration 
had been made for the large rig for which Reynolds numbers up to
24,000 (u ~ 2.1 ms"i) could be achieved in the annular geometry rig.
2) Bulk Temperature
Use of cooling water through the glass heat exchanger allowed
operation with bulk temperature down to 15*C. Trace heating, by 
heating tapes wrapped round all the long sections eg reservoir and 
heat exchanger, set the upper operation temperature at 55°C in the 
large rig and 70 ®C in the small rig. These temperatures were 
measured by mercury in glass thermometers.
3) Surface Temperature of the Heated Section
Both rigs could be operated at either constant heater temperature or 
constant power loading, control coming from a Eurotherm thyristor 
controller. A combination of power loading, bulk solution 
temperature and flow rate define the surface temperature.
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In the calibration of the annular geometry test section 0,5 mm o.d.
stainless steel sheathed chromel/alumel thermocouples were either
placed in physical contact or soft soldered onto the fluid side of
the central tube. The presence of the thermocouples will have given
rise to flow disturbance and they may therefore have affected the
temperature at the surface, this was unfortunately unavoidable as
setting the thermocouple into the surface over the test length was
impossible. A typical temperature profile is shown in fig 4.11; the
conditions are those under which most scaling work was carried out.
The profile for a given flow rate and heat flux is shown as an
increase of bulk temperature vs heated length, the (T - T ) profile
was found to be independent of T^ within the limits of experimental
error (+ 0.5®C) over the range 15 < T < 55®C.~  a
In the calibration of the rectangular flow cell it was impossible to 
determine the heat flux through the copper coupon. In the annular 
geometry case all the power applied to the heater is lost to the
solution through the test surface, whereas for the rectangular 
geometry test cell a significant heat loss occurs from the surfaces 
other than that in contact with the flowing fluid. This geometry 
did however allow the measurement of a surface temperature in the
absence of flow disruption. A copper coupon was machined with 
shallow grooves into the surface exposed to the fluid. Holes were 
drilled from these to the side wall below the '0 * ring sealing 
shoulder (fig 4.12).
Thermocouples similar to those described earlier were soft soldered 
into the grooves. The surface was then abraded with 600 grit paper 
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temperature profiles at two power loadings, 75% and 30% power, and at 
four different flow rates.
A temperature profile suitable for the study of scale nucléation (fig 
4.14) was found with a flow velocity of 1.3 ms"^ (Re ~ 6000) and with 




In order to get reproducible scale nucléation results it proved 
necessary to develop standard surface preparation techniques. The 
fact that even low level additions (fractions of mg kg”-*-) of many 
compounds in solution or as a surface contaminant can radically 
affect the crystallisation rate and crystal form was the main 
consideration. The technique used as standard was to abrade the 
copper on successive papers down to 600 grit and to degrease with 
acetone; the small coupons were ultrasonically cleaned and wiped 
using a soft cloth, the tubes just acetone wiped.
4.4.2. Solution Preparation
Two methods of solution preparation were used in the present work. 
Initially deionized water was hardened by CaCl^ and NaHCO^ addition. 
This was superseded by a solution made by direct dissolution of CaCO^ 
in carbonic acid.
- 94 -
A) Deionised Water Hardened by CaCl? and NaHCO.,
In tests using this water system the solutions were made up in 
the rig. The rig was partly filled with deionised water. 
Concentrated solutions of analytical grade CaC1^.2H^0 and NaHCO^ 
were made up, and a known volume of NaHCO^ solution added to the 
rigs. CO^ was bubbled through the recirculating solution to 
reduce the pH to a value below that at which CaCO^ saturation was 
predicted for the chosen [Ca++j. The CaCl^ solution was then 
slowly added.
B) Deionised Water Hardened by Direct Dissolution of CaCO^
For the studies based on the simpler, Ca(HCO^)^ - H^CO^, waters 
the test solution was prepared by direct dissolution of 
analytical grade CaCO^ in distilled water bubbled with CO^. 
Equilibrium predictions were made to estimate the likely range of 
[Ca++j achievable by this technique. Table 4.4 shows the 
calculation used to predict the maximum CaCO^ addition possible.
Dissolution experiments showed that at CaCO^ additions of 0.7 g 
( [Ca"*̂ j of 7 X 10“  ̂ mol some solid material remained in
suspension after 48 hours. Additions of 0.6 g i"-* were found to 
dissolve fully in ca 3 hours, and it was this concentration that 
was used in the majority of the reported studies.
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The dissolution was carried out in a stirred vessel remote from 
the test loop (see fig 4.4) and transferred to it under CO2. 
Confirmation of full dissolution was made by independent water 
analysis.
Table 4.4
Thermodynamic Equilibrium Calculations for CaCO^ Solubility
in Water at 25®C
(^H+)(®HC03“ V P c02 “ 1-51 
(ag+}(a^Q^— = 4.69 x 10"
(aca++)(ac03— ) “ 4.62 x 10"*
At the likely ionic strength to be considered the activity
coefficients for divalent and monovalent ions will be
Ï2 0.79 
^ 0.94
The calculation is as follows
“ 1-51 * 10"*
- * 10 1*
A (aca++) = (4.82 (ag+)2/7.2) x lO'l» Pgg,
[Ca++] - 7.5 X 10-9 [a+]2/Pco
For the technique of bubbling CO2 through the solution ^ 1 and
pH ^ 5.5.
[Ca++] - 7.5 X 10-3 mol ^max
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4.4.3. Experimental Techniques
The pH of the prepared solution was maintained at a value well below 
the predicted saturation pH (pH^) for the conditions to be studied. 
The required bulk temperature was attained by a combination of trace 
heating (heating tapes wrapped around some sections of the rig) and 
cooling in the glass heat exchanger. Addition of inhibitor solution 
or foreign ion solution was made as necessary. The solution pH was 
raised towards pH^ by stripping CO2 from solution by injecting argon 
and allowing controlled gas release. This was done either manually 
or under computer control.
For surface crystallisation experiments the bulk pH was maintained 
below the predicted saturation pH, up to a pH value where pH^ - pH » 
0.05 ± 0.05. The test heaters were switched on and scaling was 
observed on the test surface shortly thereafter.
The supersaturation providing the driving force for scaling comes 
from the thermal decomposition of HCOg" to CO 3 . For the
temperature profile shown in fig 4.14 there is an equivalent 
supersaturation profile, this is shown in fig 4.15.
This technique thus provides a well defined supersaturation 'window*. 
A combination of the solution pH and the minimum temperature at which 





















necessary to produce scaling. Similarly the growth rate of scale at 
any supersaturation condition within this window can be determined, 
either in terms of a mass growth rate or a thermal fouling factor. 
In this way the effects of foreign ions and additive chemicals can be 
quantitatively assessed.
A limited number of bulk crystallisation deposition experiments were
performed. These involved the production of a bulk precipitate in
the absence of surface crystallisation and the subsequent deposition
of this material. In these studies the pH was increased until
massive bulk precipitation occurred. The pH was then reduced by CO^
injection to a value below the predicted pH at the maximums
temperature on the heated surface before the heater was switched on.
Material could then be collected without the complication of surface
crystallisation.
At the end of the experiment the heater was switched off and the
surface was allowed to cool with just sub-saturated solution flowing
over it. The majority of the scales produced were examined whilst on
the substrate. Those resulting from extended runs (of 72 hrs
duration) were sufficiently rigid to be spalled off either on cooling
(through thermal stresses) or, after removal, mechanically, allowing
the examination on both water side and tube side of the deposit.
Deposit identification was made using X-ray diffraction (XRD)
techniques, predominantly powder diffractometry (using an APEX 
1 uz
Goniometer), which further allowed determination of any lattice 
parameter shift or preferential growth of planes. Scale morphologies 
were examined by optical and scanning electron microscopy. Scale
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porosities were determined by mercury porosimetry and from density 
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5.1 Crystallisation without Inhibitors
It was found that the technique of variation of described in
Chapter 4.4 gave excellent control of the solution pH, Once the 
desired pH was attained all the solutions proved to be very pH stable 
and required minimal CO g or A injection. Depending upon which 
solution was investigated a pH range of between ca 6.5 and 9.0 was 
available for study. The computer code could be used to calculate 
the saturation conditions or supersaturation ratios for defined 
conditions over a similar pH range.
For the majority of studies a pH value just less than the predicted 
saturation pH at the bulk temperature was maintained in the 
recirculating loop. With no heating of the test surface such 
solutions, over the temperature range 15-55°C, showed no evidence of 
crystallisation, at the surfaces or in the bulk, over periods of 
2-3 days.
In the absence of inhibitors crystallisation was observed to take 
place rapidly however on heated surfaces over the same temperature 
range in the absence of inhibitors from solutions at or near bulk 
saturation conditions. The supersaturation ratios (S^) associated 
with surface nucléation of scale were determined from solution 
composition and pH and surface temperatures using the computer 
equilibrium programme. The temperature taken was that associated 
with the position of the scale nucléation front, an example is shown 
in fig 5.1. For all the waters tested the calculated for scale 
nucléation was between 1.05 and 1.20,
- 102 -
Fig 5.1 The Method of Estimating the Scale Nucléation Conditions
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The rapidity of scale nucléation for a given supersaturation ratio
and the time taken to reach a stable nucléation front at the position
on the heated surface associated with this nucléation S limit werer
independent of surface temperature, see Appendix 3. Scale was 
visually observed earlier on sections of the heated surface subjected 
to higher supersaturation ratios due to higher nucléation and growth 
rates inherent at the higher values generated by the higher 
temperatures (see sections 2.4 and 2,5). The appearance of the 
surface under the window was that of an advancing nucléation front 
from the test section outlet towards the position at which S ~ 1.05. 
Examination of the surface under the scanning electron microscope 
showed that crystal nucléation and growth had occurred in areas 
subjected to a supersaturation ratio greater than ca 1.05 during time
I
periods of the order of 5 mins from starting the run.
To produce significant crystallisation within ca 1 hour in the bulk 
the solution pH had to be increased, the Sj. values required were 3.0 
or greater. Calculations from the data of Loo^^ suggested that the 
conditions under which he reported extensive bulk crystallisation 
corresponded to S = 3.4, in good agreement with this work.
Scales grown on the heated surface adhered strongly and were not 
friable, whereas those nucleated in the bulk then transported to the 
surface were soft and powdery. X-ray diffraction studies showed that 
for scales formed at the same temperatures the structures of crystals 
grown on the heated surface and in the bulk were the same; however 
the former sometimes showed strong degrees of preferred orientation.
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(a) Calcite precipitated at Tnulk 25*C
(b) Aragonite precipitated at T 41 "C
Fig 5.2 Scanning electron micrographe of bulk précipitâtCï> 
accumulated on a heated eubetrate under conditione 
preventing eurface oryeta11ieation
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Fig 5.3 (a) Caloite surface crystal 1 i sat ion T 25 C
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The crystal structures observed depended upon the solution
composition and the temperature at which crystallisation occurred.
For the simple calcium bicarbonate system calcite predominated below
40°C (figs 5.2a, 5.3a) whereas above 45®C aragonite was chiefly
observed (fig 5.2b, 5.3b). At intermediate temperatures crystals of
both species nucleated and grew (fig 5.3c). For the CaCl2 and NaHCOg
hardened water the temperatures at which the crystal form change
occurred was some 7-8*C lower, ie calcite below ca 32®C, aragonite
above 38®C. These results are in good agreement with isothermal
precipitation studies carried out by earlier workers using similar 
eg60systems in which mainly calcite was observed below c. 30 C and
aragonite above c. 50*C, with mixtures between these temperatures.
Vaterite was occasionally observed as an initial crystal form with
—1 —1 the 17 m mole H CaCl2, 16 m mol i NaHCO^ solutions, over a period
of 1 to 2 hours this had transformed to the final crystal form of
aragonite or calcite.
A number of possible explanations existed for the observed variations 
in calcite/aragonite formation temperature with water chemistry 
change. These were changes in [Ca"*^], ionic strength effects or the 
presence of Cl” and/or Na"*". Increasingly dilute solutions were made 
from CaCl2 and NaHCOg, in all cases (down to 4 m mol CaCl2» 4 m 
mol i  ̂ NaHCOg) the transformation temperature remained 7-8“C lower 
than found for the calcium bicarbonate solution. From these results 
it appeared that neither [Ca'*”*’] nor ionic strength was the relevant 
parameter. To investigate the effect of the individual foreign ions 
small additions of HCl and or NaOH were made to the calcium 
bicarbonate solution. With a 6 m mol I ^ [Wa"*"] content the
transformation temperature was the same as that associated with 
simple calcium bicarbonate solution, whereas small (< 0.2 m mol £“ )̂
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[Cl ] caused a measurable (> 2°C) reduction and by 1 m mol (in a 
6 m mol [Ca++] solution) the transformation temperature had been
reduced to the same extent as found for the CaCl^, NaHCOy based 
solutions. No further reduction was detected at up to 6 m mol
Lci-J.
Commonly observed ions found in natural waters are Mg++ and SO^—  and 
their associated species. The possible effects on crystal form of
these ions was similarly investigated. Additions of Mg++ (as MgCOy
dissolved in the same vessel as CaCOy dissolution) and SO^ (as
H^SO^ soln) were found to affect the crystal form in a similar way to 
Cl“ addition. In the 6 m mol [Ca"*̂ ] solution it was found that 3 m 
mol [Mg'*"*" ] caused a 10°C reduction in the calcite/aragonite
transformation, at 1 m mol [Mg'*"*’] it was ca 5®C and was still
measurable (ca 2®C) at 0.1 m mol [Mg"*̂ ]. Sulphate had a much lesser 
effect requiring 3 m mol [SO^ ] to produce a decrease in the 
transformation temperature of 3®C.
The lattice parameters, as determined by X-ray diffraction (table 
5.1), of calcite and aragonite grown in the presence of the above
foreign ions showed no significant differences from either published 
lattice parameters or those obtained for crystals grown in the
absence of foreign ions.
5.2 Crystallisation In the Presence of Inhibitors
The addition of inhibitors significantly affected the conditions 
required for crystallisation to occur, the subsequent scale growth
— 108 —
Table 5.1
Experimentally observed and published standard lattice
 ̂ 103 parameters for calcite, aragonite and vaterite
a b c
Calcite Standard 4.898 17.062
Bicarbonate solution 4.91 17.10
- + Cl” 4.90 17.05
.. + Na'*’ 4.91 17.05
• +++ Mg 4.89 17.07
•* + SO4”” 4.90 17.08
CaCl^.ZH^O + NaHCOg solution 4.90
Aragonite Standard 4.959 7.968 5.741
Bicarbonate solution 4.98 7.96 5.75
" + Cl” 4.98 8.00 5.74
• + Na'*’ 4.96 7.95 5.74
" + Mg"^ 4.96 7.98 5.75
+ SO4-- 4.97 7.97 5.76
CaC1^.2H^0 + NaHCOg solution 4.98 7.99 5.74
Vaterite* Standard 4.13 8.49
Bicarbonate solution 4.12 8.45
" + Cl” 4.11 8.48
" + Na 4.12 8.48
" + Mg"^ 4.12 8.47
" + SO4”” 4.13 8.49
CaCl2.2H20 + NaHCOg solution 4.12 8.47
*nucleated and grown in the presence of inhibitors.
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rate and the crystal form observed. For a given concentration of 
inhibitor the supersaturation ratio was increased until scale was 
observed towards the outlet side of the test coupon. The nucléation 
front was allowed to stabilise and the pH adjusted to produce the 
nucléation front at ca 25®C, and the supersaturation ratio for 
nucléation calculated. Figs. 5.4 and 5.5 show the calculated pH, 
temperature, nomographs for the two water systems studied. For 
the CaClg - NaHCOg (17 m mol C  ̂ CaCl2.2H 20 - 16 m mol JT ̂ NaHCOg) 
based water the presence of 0.5 and 1.5 mgkg” ̂ (expressed as solids 
content) of polymaleate, polyacrylate or aminophosphonate the 
supersaturation ratios required to achieve scale nucléation at the 
heated surface were increased to more than 2 and 5 respectively; 
there was little significant difference between the values for the 
three inhibitors at the same (weight/weight) concentration. To 
achieve bulk precipitation with 0.5 mgkg” ̂ of inhibitor it was found 
that values in the range 5-8 were required. The highest values 
readily attainable for this water in the bulk solution by control of 
PgQ were 10-12, and these were not sufficient to produce bulk 
precipitation with 1.5 mgkg”  ̂of inhibitor. These results are given 
in table 5.2.
All the inhibitors were more efficient, in terms of the concentration 
necessary, in the inhibition of crystal nucléation for the Ca(HCO g) 2 
- H2CO3 (6 m mol  ̂ [Ca'*”*']), model water. Addition levels of 0.5 
mg kg” ̂ of polyacrylate required an > 5 for surface nucléation of 
scale, similar additions of polymaleate and aminophosphonate required 
> 20. This effect could again be attributed to the changes in 




The Supersaturation Ratios Required to Achieve Surface Nuceation 
and Bulk Nucléation in the Presence of Inhibitors in the 17 m mole 
CaCl?, 16 m mole JT ̂ NaHCOg Solution
Supersaturation ratio 
for crystallisation
On the surface In the bulk
Uninhibited > 1.05 > 3.2
0.5 PMA > 3.3 > 7.5
1.0 PMA > 5.4 > 11.3
1.5 PMA > 8.5 ND
0.5 AMP > 2.9 > 6.2
1.0 AMP > 5.4 > 11.7
1.5 AMP > 7.8 ND
0.3 PAA > 2.0 > 4.5
0.7 PAA > 3.5 > 7.1
1.0 PAA > 5.2 > 10.6
1.5 PAA > 7.4 ND
PMA - Polymaleic acid 
AMP - Aminophosphonic acid 
PAA - Polyacrylite acid
— Ill —
Fie. 5.4
Supersaturation Ratio as a Function of Temperature and pH 
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Fig. 5.5
Supersaturation Ratio as a Function of Temperature and pH
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A series of experiments to Identify the relevant parameters, similar 
to that used In the Investigation of the effect of temperature upon 
crystal form, was carried out. The results, figs 5.6 - 5.8, show how 
the scale nucléation conditions. In terms of S^, Is affected by 
both Inhibitor concentration and foreign Ion presence. Below each 
line, (low Inhibitor concentratlon/hlgh S^), scales were visually 
observed to have nucleated within 15-30 minutes and continued to 
grow under the same conditions. Above the line no crystallisation 
was apparent after 6-8 hr; examination by scanning electron 
microscopy confirmed that no crystals had been formed. The line 
represents a calcium carbonate 'scale nucléation threshold' for the 
additive and water chemistry.
For polymaleate, fig 5.6, the highest values for a given Inhibitor 
concentration were obtained for a water with no chloride present. 
The addition of sodium alone appeared not to have any significant 
effect, but a substantial decrease In performance was caused by 
chloride, though when added as NaCl the decrease was less than found 
for the same [c i~ ] concentration when added as HCl. With amino­
phosphonate very similar results were observed as shown In fig 5.7. 
Again the presence of chloride Ion was deleterious to Inhibitor 
effectiveness. In terms of weight of solids content the polyacrylate 
was not as effective as either of the other additives. It was however 
much less affected by the presence of chloride, fig 5.8. With an 
addition giving 6 m mol Jt*" ̂ [ci~] In the 6 m mol [Ca"*̂ ] solution
the nucléation value was reduced from ~ 9 to ~ 8 for polyacrylate. 
In comparison to 9 to 4 and 17 to 7 for similar molarity amino­
phosphonate and polymaleate respectively.
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The effect of the presence of Mg++ and on the effectiveness of
polymaleate was also examined. It was found, fig 5.9, that either of 
these ions reduced the value attainable before scale nucléation 
occurred. At an addition level of 0.5 mgkg"of polymaleate the 
was reduced from 21 to 8 with 0.1 m mol [Mg++ j, to 6 with 1.0 and 
4 with 3.0 m mol For SO^ these reductions were very similar
(to 7.5 for 0.1, 5.5 for 1.0 and 3.5 for 3.0 m mol i”-*- [SÔ —̂ j).
Energy Dispersion Analysis by X-rays (EDAX) during the scanning 
electron microscopy examination suggested that none of the foreign 
ions had been adsorbed or incorporated into the scales; the 
sensitivity of this technique was ca. 0.5 atom%. In addition to 
their effects on the scale nucléation conditions the presence of 
inhibitors affected both the morphology and crystal structure of the 
deposits. The initial crystal forms observed are indicated on figs 
5.6-5.9, these were identified by X-ray diffraction. The phase 
regions on these figures appeared to be independent of either 
additive type or foreign ion presence. Since however these 
parameters defined the at which scale nucléation occurred they 
defined the scale form produced. For the 17 m mol CaClg, 16 m
mol ST^ NaHCOj water with 0.5 mgkg“  ̂ addition of inhibitor 
polyacrylate initially produced a distorted acicular aragonite (Fig 
5.10b). With polymaleate and aminophosphonate the initially formed 
crystals were vaterite (Figs 5.10c and 5.10d respectively), and at 
longer times a distorted calcite (Fig 5.11c) and tabular aragonite 
(Fig 5. lid) were observed, with a small amount of vaterite at the 
growing surface in each case, the crystal form produced in the 
presence of polyacrylate remained acicular aragonite (fig 5.11b).
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(a) Acicular aragonite 
nc scale inhibitor
(b) Aragonite
1 mg kg“‘ polyaorylate
(c) Vaterite 
1 mg kg“' polymaleate
(d) Vaterite
1 mg kg“̂ aminophosphonate
Initial appearanoe of eoal
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(a) Aoioular aragonite 
no soale inhibitor
(b) Aoioular aragonite 
3 mg kg'* polyaorylate
5#
(c) Deformed oalcite 
3 mg kg polymaleate
<d) Tabular aragonit<
3 mg kg * aminophosphonate
Fig Scale appearance after 72 hr# growth
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The X-ray diffraction measurements showed that the inhibitors had not 
produced any change in the lattice parameters, but that the degree of 
preferred orientation of the crystals observed without inhibitors was 
sharply reduced in their presence; this was particularly marked with 
polymaleate and aminophosphonate, and at 1.5 mgkg"-*̂  no preferred 
orientation was observable.
There was no sign of a change in the predominant crystal structures 
observed over the temperature range studied, in contrast to the 
observations made without inhibitors. From figs 5.6-5.9 it can be 
seen that above a certain additive concentration and/or 
supersaturation ratio vaterite was the predominant initial crystal 
form, below these conditions mixtures of calcite, aragonite and 
vaterite were observed. In general polymaleate presence favoured 
calcite as the final crystal form (after 48-72 hrs growth under 
constant conditions), the other additives favoured aragonite. 
Figs 5.1la-5.lid show the appearance of the scales after 72 hrs of 
growth under constant conditions.
5.3 Heat Transfer Measurements
A number of 72-hour runs were carried out in the large glass rig, and 
a measure of the fouling recorded at regular intervals by a 
thermocouple placed between the outer tube and the cartridge heater, 
operated at constant power. The solutions were CaCl^/NaHCO^ based. 
The results show (fig 5.12) a general increase in the heater 
temperature with time due to the formation of the deposit in the 
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polymaleate and aminophosphonate. Significant fluctuations in heater
temperature were observed during these extended runs as indicated in
fig 5.12, Other workers have reported similar results and suggested
they are associated with scale removal, no evidence for such a
mechanism was seen in the present study. Variations in the flow rate
were observed and it is this that is suggested as the cause of the
variable heater temperature; readings taken during a high flow rate
period would suggest a lower heater temperature than those taken at a
lower flow rate. The flow rate variation problem was not
satisfactorily solved. The thermal fouling resistance data for
aragonite and and calcite without an inhibitor were obtained at
different temperatures but the same S value. The S values werer r
similar for the three runs with inhibitors, but larger than in the 
uninhibited experiments, The increase in fouling rate in the order 
polymaleate < aminophosphonate < polyacrylate «  uninhibited gives a 
measure of the relative effectiveness of the three inhibitors on 
scale growth, A similar order was found at 0,5 mgkg”-*- additive 
concentration. For all these 72 hour fouling runs the resistance due 
to fouling was found to increase approximately linearly with time 
after an early higher thermal fouling rate period.
Examination of samples of the deposits showed porosities of 18 1
volume percent in the presence of 0,5 mgkg""̂  polyackrylate, and 16 + 
1 volume percent for the other two inhibitors at 0,5 mgkg""l, compared 
to 46 ^  1 volume percent in the uninhibited solution. At 1,5 mgkg”-*- 
the scale porosities were further reduced to less than 5 volume 
percent. This can be seen qualitatively in fig 5,11,
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Table 5.3
Porosities and thermal conductivities
of CaCOg deposits formed in 72-hour runs








W m" 1 K"^
0 45 ± 5 46 ± 1 1.6 ± 0.2
PAA 0.5 20 ± 2 18 ± I 2.1 ± 0.2
AMPA 0.5 15 ± 2 16 ± 1 2.3 ± 0.2
PMA 0.5 15 ± 2 16 ± 1 2.3 ± 0.2
PAA 1.5 5 ± 2 5 ± 1 2.6 ± 0.2
AMPA 1.5 5 ± 2 5 ± 1 2.6 ± 0.2
PMA 1.5 5 ± 2 4 ± 1 2.6 ± 0.2
^PAA = polyacrylate, AMPA * aminophosphonate, PMA = polymaleate.
^effective thermal conductivity calculated from the geometric
104mean equation
k - k(i-*) . k.+eff CaCOj TIgO
where <J> is the volume fraction of porosity and k^^^^ and k ^ ^  are 
the thermal conductivities of calcium carbonate and water, taken as
2.4 and 0.6 W m“ l̂C"̂  respectively105
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Table 5.3 shows the porosities measured from density determination 
and mercury porosimetry for these scales and their calculated thermal 
conductivity. The porosity did not vary significantly between 
inhibitors at any given addition level. The good agreement between 
the porosities measured from densities and by mercury porosimetry 
suggests that there was little, if any, closed porosity. Calculation 
of the overall thermal conductivities of the deposits from the 
porosity and thermal conductivities of water and CaCO^ (0.6 and 2.4 W 
 ̂ K"’-*- r e s p e c t i v e l y s h o w s  that the inhibitors increase the 
thermal conductivities of the deposits.
The data shown in fig 5.12 were obtained under different experimental
conditions and thus the fouling rates cannot be directly compared.
Since there was a temperature, and hence , increase along the
heated test section the effect of S^on growth rate could be
determined. The tube was cut into narrow (~ 1 cm) rings and the mass
of scale weighed by dissolving in dilute HCl (from the difference in
weight of ring before and after dissolution). Since the
supersaturation ratio was maintained throughout the run (within the
limits determined by the variations in flow rate affecting the
crystal/fluid surface temperature) it will be assumed that the rate
ec 73of mass growth was constant at any point on the surface . The 
mass growth rate as a function of S^ is shown in fig 5.13. The scale 
nucléation condition, defined as the S^ value above which scale 
growth occurred, is in good agreement with the small rig nucléation 
studies for this water. For uninhibited solutions the nucléation 
was ~ 1.05, at 0.5 mgkg-l inhibitor it was increased to 1.8 to
2,2 and at 1.5 mgkg- ̂ to between 4.5 and 5.5. The rates of
— 126 —
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deposit formation at values in excess of the minimum to cause 
nucléation on the heated surface were all very much less for 
inhibited growth than for uninhibited growth from solution, and 
differed for the three inhibitors. The order of effectiveness of 
additive on scale growth was found to be polyacrylate < amino­
phosphonate < polymaleate.
Spallation of the scale was never seen during growth under either 
constant surface temperature or constant heat flux conditions. If 
the thick scales, typically 1-2 mm, produced during the 72 hr runs 
were rapidly cooled cracking could be heard taking place in the 
region of the test section and occasionally plates of material were 
dislodged and carried away by the flow showing the clean heat 
transfer surface beneath. The extent to which scale was dislodged 
was enhanced by allowing the tube to cool and then rapidly reheating. 
An example of such a thermally cycled test section is shown in fig 
3.14. Spalled scale samples were examined by scanning electron 
microscopy on both tube and water side. Spallation appeared to have 
occurred at the metal/scale interface, the scratch marks on the tube 
were apparent on the scale. EDAX showed evidence of Ca on the tube 
and Cu in the tube side of the scale. Fig 5.15 shows the appearance 
of a number of spalled samples. Qualitatively it was observed that 
scales grown in the presence of inhibitors were spalled more easily 
than those grown in their absence. Whether this resulted from a 
lower energy of adhesion at the interface or because the scales were 
more dense, and hence more rigid, and less able to accommodate the 
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Fig 5.15 Water-side and Tube-side 
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With the aid of both the computer model and the use of well
controlled water chemistry conditions in closed recirculating loops
the present work has been able to separate surface crystallisation
and bulk crystallisation fouling mechanisms. It has enabled a study
to be made of how various parameters affect these separate
mechanisms. In contrast to this it is clear that in some reported
eg 47 50 54studies of calcium carbonate fouling * * both processes
occurred simultaneously. Bulk crystallisation will have occurred
from a combination of poor experimental technique, eg excessive
47bicarbonate injection , or by the inevitable loss of CO2 in open 
recirculating loops. Both will result in an increase in pH, allowing 
the solubility product for CaCO^ to be sufficiently exceeded so as to 
allow bulk crystallisation. Using the published chemical
constitutions, temperatures and pH values given for many of the 
studies reviewed in Chapter 3 the associated supersaturation ratios 
were calculated using the computer code. The results, given in table 
6.1, suggest that the supersaturation ratios for the majority of 
these studies were high enough to have given rise to bulk 
crystallisation.
The results of the present work suggest that the properties of the 
produced scales are markedly affected by the scaling mechanism.
Scales arising from bulk crystallisation subsequently deposited at 
the heated surface were soft and powdery, they were easily dislodged 
from the copper surface and they might have been subject to
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contrast the scales grown at the heated surface were coherent and 
tenacious, their removal required shear stresses greater than those 
produced by fluid forces under the test conditions used. Scale 
spallation or removal could only be made to occur when large thermal 
stresses were induced at the scale/copper tube interface by rapid 
cooling and heating. These findings indicate that in studies aimed 
at elucidating scaling mechanisms and developing scale growth models 
great care must be taken in defining and maintaining the experimental 
parameters of water chemistry (including pH), surface and bulk 
temperatures and water flow rate.
In contrast to many workers^®^^ in this field no evidence was seen 
for ' any significant 'induction period'. This is a period of time 
between the beginning of a scaling experiment and the point at which 
thermal fouling resistance was first observed, usually from an 
increase in heater temperature. The experience of the present study 
was that having achieved the desired chemical and thermal environment 
to give supersaturated conditions at the heated surface of the test 
section scale nucléation was visually observed within 5-10 minutes. 
The actual nucléation events themselves must have occurred well 
before they could be seen by eye. Two possible explanations for the 
occurrence of reported induction periods are:
1) That the Initially formed thin scale layer makes a negligible 
contribution to the thermal fouling resistance of a heat exchanger. 
The evidence of the extended runs In the present work suggests that 
It does make a significant contribution to the fouling resistance.
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Fig 6.1
Thermal Fouling Resistance Model
Schematic of scale development 'Tith time. The heat flux and heat 
transfer coeffient are taken to be constant, ie T, and T are
I . D 3constant.
(b)





The thickness ( x )  and porosity (<2>) of the scale vary with time (©) • It: 
conductivity varies with porosity according to the geometric mean'
k=ks(l-G9kw*
The conductivity of the water (kŷ ) is less than that of the crystal 
phase (kg) by a factor of 4- (Ou6 to 2.4)105 and thus dominates the 
composite conductivity. The thermal fouling resistance is controlled 





Scale in region X tends towards a steady state in terms of porosity 
and thickness, ie its fouling resistance is constant. Any increase 
in T^ will be due to the increase in the thickness of region Y
d0 - k ae ^ ^ ;
where k is the thermal conductivity of the scaling salt and C is 
the thei*mal resistance of the region X. The thermal fouling 
resistance is controlled by the mass growth rate.
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Indeed the highest thermal fouling rates were observed (fig 5.12 
pl23) during the early period of these constant heat flux 
experiments, a phenomenon which can be explained by the model shown 
dlagramatlcally In fig 6.1. When scale first appears It Is composed 
of an array of crystals (fig 5.10a pl20), these will trap pockets of 
water and lead to the development of a composite layer having a lower 
thermal conductivity than would a dense crystal layer (fig 6.1(a) to 
fig 6.1(b)). As the scale grows out Into the fluid (Stage I) the 
composite layer thickness Increases but additionally new nucléation 
will occur on the heated surface and the existing scale on the tube 
side will grow, reducing the size of the Interstices and making the 
scale become more dense (fig 6.1(b)). Beyond this point (Stage II) 
the rate of Increase In thermal fouling resistance Is determined only 
by the mass growth rate of scale; the thermal resistance due to the 
composite layer becomes constant (fig 6.1(c) and 6.1(d)). The simple 
model depicted In fig 6.1 also provides an account for the more 
noticeable change In thermal fouling rate observed for the 
experiments In which scale Inhibitors were present. In Stage I the 
thermal fouling resistance Is dominated by the stagnant water layer, 
the effect of the mass growth rate of scale Is secondary. During 
Stage II however the (Inhibited) mass growth rate becomes thermal 
fouling rate determining.
2) The second, and more probable explanation, arises from the fact 
that reported Induction periods vary In length from minutes to 
several hours or even days^^*^^'^^. Such variety could be caused by 
poor control of the water chemistry, particularly In open
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recirculating rigs. The test solution may start undersaturated and
as a result of an increase in concentration through evaporation and
loss of CO2 to the atmosphere the supersaturation ratio In the test
circuit and at the heated surface will Increase. Only when the
conditions become supersaturated can scaling begin and the time to
achieve such conditions will depend on both the supersaturation ratio
at the start of the experiment and upon experimental variables
determining the rate of change In supersaturation ratio. The slowly
49advancing nucléation front described by Hasson can almost certainly 
be attributed to such chemical changes.
6.2 The Computer Water Code
The computer code, developed In this work, has been shown to predict
saturation values In good agreement with the practical limits of
crystallisation found In the experimental programme. In the absence
of chemical Inhibitors surface crystallisation was found to occur at
supersaturation ratios, as defined In chapter 2.2, of greater than
1.05. To achieve considerable and rapid bulk crystallisation the
supersaturation ratios necessary were of the order of 3 or 4. These
supersaturation ratios are similar to that calculated from the
17reported water chemistries for which Loo observed bulk crystal­
lisation (S^ = 3.4) and Is also In agreement with values quoted by 
29Mullln as critical supersaturations for significant nucléation
33rates of a new phase from solution (3 < S^< 4) and by Nielsen for 
the metastable limit for calcium carbonate solutions. These factors 
led to confidence In the use of the program to predict the conditions 
at which scale nucléation would be expected In the present
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experimental programme and also in its use in determining the 
relative, and quantitative, effectiveness of the generic inhibitor 
chemicals studied.
Although the computer program gives excellent results with the simple 
waters used In the present work, further development would be 
necessary before It can be used to model more complex waters. In the 
case of natural waters It Is probable that the presence of various 
organic species could not easily be modelled and would be an added 
source of error.
6.3 Scale Nucléation Conditions
Studies have been conducted In the absence of Inhibitor molecules
Into the conditions under which CaCOg crystal nucléation occurs.
Variations in the following parameters have been examined.
1) Temperature - 18*C to 50°C.
2) Flow Rate - Re between 3000 and 12000, flow velocities between
0.7 and 3.0 ms” ^
3) Water Composition - (i) [Ca"*̂ j from 3 m mol i” ̂ to 17 m mol JT" ̂
(il) [Alkalinity] from 3 m mol  ̂ to
25 m mol 1” ^
(111) [ci” j from 0 to 34 m mol
(Iv) [Na"*"] from 0 to 16 m mol i” ̂
(v) [SO^ ] from 0 to 3 m mol i” ^
(vi) [Mg*^] from 0 to 3 m mol ̂
(vll) pH from 6.6 to 8.1
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Throughout these variations crystal nucléation was found to depend 
upon the solution supersaturation at the site of the nucléation 
event. The rapidity and extent of nucléation appeared not to be 
affected by either foreign ion presence (C^”, SO^ , Na"*" or Mg"*^), or 
by changes In temperature or flow rate for a given supersaturation 
ratio. The value of supersaturation ratio necessary varied according 
to where nucléation occurred, a greater value of was required for 
bulk nucléation than for that at which surface nucléation was 
observed. Once the required supersaturation ratio was reached 
nucléation occurred rapidly.
One parameter not examined In the present study was the possible 
effects of different heat transfer materials. Copper was selected on 
the grounds that for the solutions to be Investigated corrosion would 
not be a problem and that It has excellent bulk heat transfer 
properties. In the study of scale nucléation, and In particular into 
the roles of foreign Ions and Inhibitor compounds, the possible 
Interference between the nucléation event and surface corrosion 
reactions would have made the results more difficult to Interpret.
6.4 Scale Nucléation Inhibition
The clear and, as can be seen from appendix 3, reproducible results 
obtained In the tests described offer a simple and reliable method of 
assessing the relative performance of Inhibitors. The ability to 
observe crystallisation at the hottest point In a circuit where the 
driving force for crystallisation, expressed as the supersaturation
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ratio S^, Is highest, enables measurements to be made rapidly. 
Although the use of well defined seed crystals to study growth 
Inhibition on surfaces has considerable theoretical attractions, the 
interpretation of the results of such experiments is not 
straightforward^®^^ . Tests which depend upon measuring the 
Inhibition of bulk crystallisation In solution require considerably 
longer to carry out than the technique described In the thesis, and 
great care In removal of possible heterogeneous material from 
suspension beforehand. Neither of these approaches are represent­
ative of open evaporative cooling water systems in which the cycle 
time Is usually measured In minutes rather than hours, with the water 
experiencing the highest relative supersaturation conditions for 
seconds, and in which the content of suspended solids Is far from 
negligible.
The results of the present Investigation have shown that all the 
additives studied inhibited both crystal nucléation and growth. The 
technique was found to be particularly useful in the study of scale 
nucléation conditions and it has been shown that some foreign ions 
are deleterious to Inhibitor effectiveness by decreasing the value of 
at which scale nucléation occurred. The mechanisms of Interaction 
between the foreign Ion, additive molecule and crystal nucleus are 
not clear.
Let us Initially consider nucléation inhibition In the solutions 
of CaCHCOg), H^COg and containing generic Inhibitor. For the crystal 
nucleus to form, either In the bulk solution, at the surface of a
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suspended particle or at the heat exchange surface, a given number of 
Ca”*^ and CO3 Ions need to agglomerate and become ordered. As was 
discussed In section 2.4 the factors relevant to the thermodynamics 
of nucleus stability are Its surface energy and bulk energy and the 
critical nucleus size Is given by;
-2or^ = —  (eq 6.1)
V
where Is the volumetric free energy change for the transformation 
between the system In solution and as a crystalline solid, a Is the 
surface free energy of the agglomerate. It was also suggested In 
section 2.4 that the agglomeration will occur over a period of time. 
This time will depend upon both the rates of adsorption and 
desorption of growth Ions at the surface of the agglomerate and the 
size of agglomerate necessary to achieve stability.
It can be postulated that additive molecules can affect a nucléation 
event In two ways:
1) The additive molecule can change the thermodynamic balance of an 
agglomerate. It can be seen from eq 6.1 that If the Inhibitor either 
Increases the total surface energy or decreases the energy gained 
from the transformation the critical nucleus will need to be larger. 
A critical nucleus will then occur less frequently. Alternatively 
the adsorption of an Inhibitor molecule may cause sufficient 
destabilisation of the growing nucleus to promote Its dissolution.
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2) Alternatively the additive molecule could control the kinetics of 
Ionic exchange at the nucleus surface. Kinetic mechanisms might be 
considered as either the blanketing off of the agglomeration, thereby 
decreasing the diffusion of adsorbing species to the agglomerate and 
making the growth time longer and hence Increasing the probability of 
the destabilisation of an Inherently unstable agglomerate, or the 
sequestration of some species Involved In the agglomerate.
Sequestration will reduce the concentration In solution and thereby 
reduce the arrival rate of them at the agglomeration site and also 
promote dissolution of the surface, again Increasing agglomeration 
time and the probability of destabilisation or re-solutlon. The very 
low concentrations (0.1 to 0.5 p mol f  of Inhibitors required to 
significantly Increase the supersaturation ratios necessary for
crystallisation rule out any sequestering mechanism. The calcium
concentration was In excess of 5 m mol suggesting that each
Inhibitor molecule would have had to have sequestered ca 10,000 C a ^  
Ions for the results found In the present work.
Other than the Improbable sequestration mechanism the remainder of 
those proposed Involve the Incorporation of or Interaction between 
the growing agglomerate and additive molecules during the
agglomeration time. There are four factors to be considered In
deciding whether such Interaction occurs.
1) The size of critical nucleus for given conditions.
2) The time to attain this size.
3) The concentration of additive molecules In solution.
4) The diffusion coefficient of the additive molecules.
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One of the factors that control the critical nucleus size Is the 
supersaturation ratio of the solution. The relationship is given by 
the Gibbs-Thomson equation.
(m) (eq 6.2)RT p In
where r is the critical nucleus radius, M is the molecular weight of 
the crystallising species, o Is its surface energy, p is its density, 
R is the gas constant, T is the temperature (K) and the super­
saturation ratio. In section 2.4 it was argued that equation 6.2 is 
applicable for heterogeneous nucléation on a metal surface.
The critical radius for an agglomeration to be a stable nucleus can 
be related to the number (N) of ions present.
N * j  irrVv (eq 6.3)
Where V is the volume of one Ion pair in the crystal lattice. From 
this number and the concentration of the relevant ions the minimum 
time to form the critical nucleus can be estimated as follows.
The volume of solution (V^) containing N molecules is
V = N/1000 N C (m3) (eq 6.4)s A
where N is Avogadro* s number, and C is the concentration of the rate 
A
determining species Involved in the agglomerate.
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The radius (r^) of this hemispherical element of solution Is
therefore
r - (3V /2n) s s
V3(r^/lOOO V N C) (m) (eq 6.5)
Following the argument on p33, the minimum nucléation time (t) is 
given by
t = r^^/2D^ (s)
whepe is the diffusion coefficient of the rate determining 
agglomerating species and C is its concentration
'/3t = (r^/iooo V C) /2D^ (s)
V3 2̂ 2 2/g
t = rZ/200 V C (s) (eq 6.6)
For the simple model water used In the present study the Ionic 
concentrations are given in table 6.2. As [Ca*^] »  [CO3 ] it can 
be assumed that the critical factor will be the agglomeration of N 




Water Composition as a Function of Supersaturation Ratio for the 
Simple Model Water Studied In this work
sr 1 2 3 5 10 15
Ca++ 5.3 5.3 5.3 5.3 5.3 5.2 (m mol 1~
CaHCOg+ 660 660 654 648 642 634 ( y mol 1~
CaCO°g 7.9 16.0 24 39 79 120 ( p mol 1”
HCO3- 11 11 11 11 11 11 (m mol 1”
CO3- 2.6 5.2 7.8 13 27 39 (P mol 1~ b
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Fig 6.2
THE AGGLOMERATION TIME OF A CRITICAL NUCLEUS OF 
C0 CO3 IN A SIMPLE MODEL HARD WATER ( 6 m mol ColHCO ,),) 






 Io  o  <
-3
-110
10^ 4 5 5 7 8 9 10 n 12 13 U  15
SUPER5ATURATJ0N RATIO (5r = 0^̂ *- o^Q — /Ksol
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If we assume that additive molecules prevent the continued growth 
or cause the dissolution of a just sub-critical nucleus then the 
above procedure can be reversed to calculate the critical 
concentration of additive to inhibit nucléation. The time period 
during which additive molecules arrive at the agglomerate will be 
t as above. From Einstein's equation the radius of the volume 
element is
r^ = /2tD^ (eq 6.7)
where r is the radius of the volume element containing N additive a a
molecules and its diffusion coefficient. Combining equations 6.6 
and 6.7 gives the radius of the volume element containing additive 
molecules.
2/3 ,
- (r^D /lOO V N C D )’ (m)
k . 1/3 V 3 V 3 . 
r Dg /lO V N C D ’ (m) (eq 6.8)
The hemispherical element has a volume given by
V = 2ïïr 3/3 (m3)a a
3 _ '/Z= 2ïïr3 /3000 V C (m3) (eq 6.9)
and the concentration of additive necessary to give molecules in 
this volume by
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c = N /lOOO V N* (mola a a A '
3Il 3/3N^ V C /2TTr3 '2 (mol JT (eq 6.10)
Substituting from eq 6.2 for r gives
^ 2  ^/,C = 3N V (lnSp)3 C D /16it M^o^D (eq 6.11)
Using the values quoted on p31 for the parameters appropriate for 
CaCOg; equation 6.11 becomes
V z  ^l^
C  - 1.28 X 10-11 ^ (inS )3 C D /D (mol JTI) (eq 6.12)
The values of the diffusivity ratios (D^/D^) for the inhibitors were






where y is the kinematic viscosity of the solvent, its density and 
M the molecular weight of the solute.
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An Inspection of eq 6.13 shows that the diffusion coeffient ratios 
are given by
^i ^ ^add 
^a ^ion
where r and r. are the radii of the additive molecule and the add ion
carbonate ion respectively. From eq 6.13a a further simplification 
can be made, thus
°1 - / “add \ 
®a \ “ion /
V
(eq 6.14)
where M , , and M. are the molecular weights of the additive and add ion ®
carbonate ion. The calculated diffusion coefficient ratios are given 
in table 6.3.
Table 6 .3
The calculated diffusion coefficients of the
generic inhibitors studied
Inhibitor M Dl
Polyacrylic acid 5000 4.37
Polymaleic acid 800 2.37
Aminophosphonic acid 300 1.71
1 Ŝ  = V a
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Using the value of for carbonate and substituting into eq 6.12 
gives the concentration of additive as
Cg -  1.65 X 10-12 (inS p )3  c (mol JT I) (eq 6.15 )
In the experimental section the inhibitor concentrations necessary to 
prevent scale nucléation at different supersaturation ratios were 
obtained at 25*C. At this temperature eq 6.15 is
» 4.37 X 10-5 (lnSj.)3 C (mol r^) (eq 6.16)
Figs 6.3, 6.4 and 6.5 show equation 6.16 for the three generic
additives examined in this work assuming that = 1. The 
experimental data are also shown. For the two polycarboxylic acids 
the theoretical line crosses the experimental results at a value of 
close to 7 (for PMA) and 3 (for PAA), below these values for 
the additive is less effective than was predicted, above it is more 
effective. For the aminophosphonate the additive is very much less 
effective than is predicted over the full range of supersaturation 
ratios studied. A possible explanation for these observations lies 
in the mechanisms of action of additives. For both thermodynamic and 
kinetic postulates we are relying on some property of an additive 
molecule such as a surface area coverage or some energy term. The 
effect of a single molecule will be less on large agglomerates (those 
stable at low values) than on small agglomerates (stable at high 
values).
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Fig 6.3 A Comparison of the Scale Nucléation Inhibition Model
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Fig 6.4 A Comparison of the Scale Nucléation Inhibition Model
with the Results Found for Polyacrylic Acid
-610
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Fig 6.5 A Comparison of the Scale Nucléation Inhibition Model
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Consider that each additive molecule is capable of destabilising a 
certain maximum agglomerate, the size of which will be a function of 
some property of the additive molecule. Following the arguments for 
mechanisms of action of the inhibitor molecules of either the 
blockage of some fraction of the surface of the agglomerate, or the 
alteration of the surface energy of the agglomerate by the inhibitor 
molecules the relevant agglomerate parameter is its surface area. 
Taking the agglomerate geometry to be hemispherical its surface area 
(Ag) is given by
= 2irr̂  (m^) (eq 6.17)
Substituting the value of r from eq 6.2 gives
Ag = 8TrM̂ a2/R2T 2p2(inS^)2 (eq 6.18)
which for calcium carbonate at 25*C becomes
Ag = 2.0 X 10l7/(ln 8^)% (m%) (eq 6.19)
using values quoted on p3I. The supersaturation ratios associated 
with the conjunction between experiment and theory for the two 
polycarboxylic acids give
Ag = 3.55 X 10*17 m2 [polymaleic acid molecule” !)
A^ = 1.11 X 10” 1G m^ (polyacrylic acid molecule” !)
- 154 -
If It is assumed that for the size of agglomerate associated with the 
experimental and theoretical conjunction value, each additive 
molecule causes the disruption or prevention of further growth of the 
just sub-critical nucleus, then an empirical 'Inhibition Potential' 
factor (?) for an additive molecule is obtained where
A
^  (eq 6.20)
ie P__. = 3.55 X lO'!? and P^.. = 1.11 x 10"!& PMA PAA
Combining eq 6.16, 6.19 and 6.20 gives
- 5.86 X 10-21 InSp C (mol r  1) (eq 6.21)
Figs 6.6 and 6.7 show equation 6.21 for the two polycarboxylic acids 
using the above values for P. There is excellent agreement with the 
experimental data over the range of supersaturation ratios studied. 
Fig 6.8 shows that similar good agreement was seen for eq 6.21 and 
the results for aminophosphonate using a value of P of 5.74 x 10“* 1®,
Table 6.4 relates the above values of P to the inhibitor molecule 
parameters and the number of CaCO^ molecules in the associated 
surface area of agglomerate. It can be seen that all the inhibitor 
molecules are effective against agglomerates of significantly greater 
surface area than themselves and which have many more CaCOg ion pairs 
on the surface than there are, for example, monomer units in the
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Fig 6.6 A Comparison of the Modified Nucléation Inhibition Model



























Fig 6.7 A Comparison of the Modified Nucléation Inhibition Model
with the Results Found for Polyacrylic Acid
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Fig 6.8 A Comparison of the Modified Nucléation Inhibition Model
with the Results Found for Aminophosphonic Acid
-6
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Table 6.4
The * Inhibition Potential* of inhibitor molecules related to
tb̂ lr molecular parampters of molemlar wpight, monrmpr units 
per molecule and potept:la1 functional groups per molpmle
Inhibitor
















PMA 800 7 28 1.4xL0"̂ 8 3.55x10“ 17 360 0.04 51.4 12.86
PAA 5000 70
AMP 209 1
140 4.7x10“ 18 1.11x10“ 18 1150 0.04 16.4 8.21
6.03d0“18 5.743dO“18 48 0.10 48 6.86
1. Assunlpg full dissociation of the molecules <
2. From equation 6.13a.
3. From equation 6.16.
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molecule, or functional groups in the molecule even if it is assumed 
that the molecules were fully dissociated.
Since the results of this work has indicated that the presence of 
foreign ions do not affect the nucléation conditions in the absence 
of scale inhibitor chemicals, it can be assumed that foreign ions do 
not affect the thermodynamics of CaCOy nucléation. That they do 
affect the nucléation conditions in the presence of inhibitors 
suggests that either:
1) The foreign ions react with or complex in some way the inhibitor 
molecule.
2) They make the adsorption of inhibitors at agglomerates more 
difficult, by competing for adsorption sites for example.
The results of this work have shown that Cl" ion presence in scaling 
solutions produces a marked decrease in the effectiveness of the 
aminophosphonate and the polymaleate, but not for the polyacrylate. 
This suggests that the inhibition mechanism of polyacrylate may 
primarily by a surface blockage effect, reducing the mass transport 
of growth ions to the sub-critical nucleus, the other two inhibitors 
may well have (additionally) an electrostatic or electrochemical 
effect on the subcritical nucleus, further work will be necessary to 
elucidate whether these speculated modes of action are the relevant 
inhibitor mechanisms.
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For the present it can be considered that the effects of foreign ions
can be incorporated into :he empirical term P. Figs 6.9 to 6.11 show
the nucléation inhibition data and a family of curves for eq 6.21
with various P values. Table 6.5 shows the values of P that give
best curve fit over the supersaturation ratio range studied for the 
various waters.
Table 6 .5
The Effect of Foreign Ions on the Inhibitor Potential Factor P
Water (m mol
Inhibitor P(mf) P No.
Ca a Na Mg so.
6 — — — — PMA 3.5x10-17 362
PAA 1.1x10-16 1150
AMPA 5.7x10-18 48
6 6 - - - PMA 1.5x10-17 150
PAA 9.5x10-17 990
AMPA 1.4x10-18 12
6 6 6 - - PMA 3.4x10-17 350
PAA 1.1x10-16 1120
AMPA 5.3x10-18 44
6 12 12 - - PMA 9.8x10-18 100
17 34 16 - - PMA 4.9x10-1® 50
PAA 5.0x10-17 650
AMPA 7.0x10-19 7
6 - - 0.1 - PMA 1.7x10-17 175
6 - - 1 - PMA 9.8x10-18 100
6 - - 3 - PMA 7.3x10-18 75
6 - - - 0.1 PMA 1.7x10-17 175
6 - - - 1 PMA 9.8x10-18 100
6 — — — 3 PMA 7.3x10-18 75
PMA - Polymaleic acid, PAA - Polyacrylic acid, 
AMPA - Aminophosphonic acid
Equation 6.21 is an expression relating the additive concentration 
necessary to prevent scale nucléation on a heated surface to the 
concentration of carbonate ion, the solution's supersaturation ratio
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and two additive properties, its molecular weight and an empirical 
inhibition potential factor. The inhibition potential is a function 
of both the inhibitor molecule and, empirically, of the water 
composition, in terms of the presence of certain foreign ions.
6.5 Scale Growth
The majority of the work described in this thesis has examined scales 
nucleated and grown on the heated surface by the surface 
crystallisation mechanism. The evidence suggests that for such
scales the scale growth rate is controlled by the supersatuatlon 
ratio at the heated surface as would be expected from the work of 
Nancollas^^ and many others^®^^. For the bulk crystallisation 
deposition mechanism experiments in the absence of surface 
supersaturation conditions only thin deposits were developed. For 
this latter mechanism to be a problem cementation of the particles 
must occur at the surface, and this necessitates surface growth and 
hence surface supersaturation conditions. The scale growth rate 
would be expected to be controlled by both the mass deposition rate, 
a function of the hydrodynamics and concentration of particulates, 
and by the supersaturation ratio, a fouling mechanism which may be 
described in terms of the Kern and Seaton model^; the effect of the 
supersaturation ratio would be to increase the strength of the 
deposit by enhancing the cementation of the particulates. From the 
experimental conditions reported and models proposed by other workers 
in the scaling field it is probable that they studied scale 
development by this combined mechanism.
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The generic inhibitors all significantly decreased the scale growth 
rates, both in terms of the thermal fouling resistance and mass 
growth. In the present study it has been scale nucléation conditions 
and how these are affected by inhibitors that has been of primary 
interest. The possible mechanisms of growth inhibition have not been 
investigated, but developments of the present technique may provide 
more satisfactory conditions for the study of growth inhibition in 
heat exchange plant than those currently used.
6.6 Applications of the Present Study and Suggestions for Farther 
Study
The microcomputer based thermodynamic water code, the experimental 
techniques and results of the present work will have greatest 
application in the industries of manufacture and marketing of water 
treatment chemicals. Presently used chemicals can be tested in a 
range of waters under controlled conditions and their effectiveness, 
in terms of the concentration necessary to prevent scaling, 
determined. This information together with the operation conditions 
and the plant water chemistry can be used to identify the most 
effective Inhibitor chemical and to optimise the required inhibitor 
dose levels to prevent CaCOg scaling of the plant.
Suggestions for further study fall into two main categories.
Firstly, there is the further development of the nucléation 
inhibition model. Using the described techniques, families of
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Inhibitor molecules could be tested, primarily in the simple calcium 
bicarbonate model water, to determine their P factors. The 
objectives of this study would be to identify the inhibition 
parameters of inhibitor chemicals, whether they be molecular weight, 
molecular configuration or functional group number, density or 
geometry. Similar studies could then be performed in the presence of 
various foreign ions. Together these might be expected to identify 
the mode of action of an inhibitor, to determine the interactions 
between inhibitor molecules, agglomerates of CaCOg molecules and 
foreign ions and help in the identification of new Inhibitor 
molecules and in their optimisation for given water chemistries.
The second category of studies would involve significant developments 
in experimental techniques to allow in situ measurement of scale 
growth rates. The simplest of these may Involve the same technique 
but using radiolabelled Ca"*̂  or CO3 in solution. The scale growth 
rate could then be monitored by replacing the glass window of the 
rectangular geometry test section with either a fixed or traversing 
counting head. The observed scale growth rates, with and without 
inhibitors, could be compared with models of other workers. If 
extended growth periods were to be examined, ie 100s of hours, 
chemical injection (active Ca"^ and 00  ̂ ) would be necessary to
maintain a constant composition or the decrease in foulant species 
would generate a significant reduction in the supersaturation ratio 
of the solution.
As an alternative to radiolabelling, the use of a Ca"*̂  specific ion 
electrode might be considered as a technique to maintain known
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chemical composition by causing additions of chemical and allowing 
the growth rate to be Interpreted from these additions, as done by 
Nancollas^®^^. For the mass of scale : solution ratio used in the 
present technique the accuracy of specific ion electrodes will not 
provide adequate chemical control. As a result the additions of 
salts will neither maintain constant composition nor can they be used 
to determine growth rates.
Suitably developed techniques could then be used to characterize 
inhibitors in terms of their growth inhibition, perhaps using models 
similar to that developed for the nucléation inhibition studies.
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Conclusions
(1) Closed experimental rigs have been built in which close control 
of chemical conditions has been achieved during crystallisation 
studies of CaCOg from synthetic hard waters by controlling the 
partial pressure of carbon dioxide in solution.
(2) The saturation conditions of calcium carbonate in
Ca(HC03)2/H2C03 and NaHC03CaCl2 solutions, in the absence or presence 
of the foreign ions Cl , Na , Mg and SO^ , at a heated surface in 
the absence of inhibitors have been calculated from existing 
thermodynamic data, and are in good agreement with experiment.
(3) Deposits formed by crystallisation directly on heated surfaces 
were hard and tenacious; those formed in bulk solution and deposited 
as particles were softer and friable. Substantially higher degrees 
of supersaturation were required to produce nucléation in bulk
solution than on a heated surface at the same temperature.
(4) A number of generic additives have been shown to inhibit both 
scale nucléation and growth and affect the crystal morphology and 
scale density.
(5) The crystal form of calcium carbonate observed depended upon
— ++ —the temperature and concentration of Cl , Mg and 80^ foreign ions 
at which it was formed in the absence of additives, and upon the
nature of the additive, when present.
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(6) The presence of certain foreign ions, notably Cl", Mg"^ and
SOî  , affected the efficiency of polymaleic acid and aminophosphonic
acid as nucléation inhibitors.
(7) The inhibiting action has been interpreted in terms of the 
adsorption of the additive molecules on the growing agglomerate, 
preventing further growth and thereby promoting its net dissolution. 
An expression describing the nucléation inhibition of an additive 
relating additive concentration to solution and additive molecule 
parameters has been proposed. The model developed gives satisfactory 
agreement with the experimental findings of this work.
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A listing of the Control and Recording Program for
use on a CBM PET4032 microcomputer system Interfaced
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Appendix 3
Tabulation of the scale nucléation and scale growth conditions.
Notes 1. T Aik calculated by the computer code.
2. Inhibitor type PMA - polymalelc acid.
PAA - polyacryllc acid.
AMP - amlnophosphonlc acid.
3. - calculated by the computer code.
4. T , - determined from the scale nucléation front positionnucl
and the temperature profile.
5. Time at which visual observation of the scale at the outlet end 
of the heater was made.
6. Time at which It appeared a stable scale nucléation front had 
been reached.




- capital shows predominant form, lower case shows significant 
pattern observed - but minor form.
8. Preferred orientation determined from traces In composition to 
standard - see example.
ND Indicates that Insufficient material present and 
fluorescence (Cu Ra used) made assessment of PO dubious - see 
example?
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